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ABSTRACT 
A scanning electron and transmission electron microscope study of wood substrate anatomy and 
ultrastructure, involving over one thousand micrographs, was made on weatherboards of two endemic 
timbers of New Zealand and one exotic timber, to determine their response to eight different coating 
systems currently recommended for exterior use. 
Dacrydium cupressinum Lamb. (rimu), Podocarpus dacrydioides A. Rich. (kahikatea) and Pinus 
radiata D.Don. (radiata pine) were the taxa chosen and three water based primer systems, four solvent 
based primer systems and a specially formulated Ti02 tagged alkyd novel coating system were used to 
demonstrate wood/coating relationships. 
The key elements present in the coatings were detected by energy dispersive X-ray analysis and 
used for tracing coating penetration in the weatherboards. 
The primer coated weatherboards were studied in transverse section. Penetration limit of the 
seven primers was three cells deep. 
Ti02 tagged alkyd coated weatherboards were also examined longitudinally as they exhibited 
much deeper substrate penetration than the primers. 
behaviour of this substrate coating system. 
The essence of this thesis is therefore the 
The entire cross-sectional length of each weatherboard was photographed under the microscope 
and quantitative information on the diverse nature of the coating was obtained by counting the number 
of filled cells along rows of tracheids inwards from the coating interface, measuring the slope of the 
tracheid lengths relative to the board surface, determining the influence of the tracheid cell growth 
directions and cut of board as seen in profile view. Statistical analyses showed that with reference to 
combination comparisons of the two types of mounted weatherboard profiles, namely, 'u'-type and 'n'-
type cuts, the mean gross coating penetration depth was significantly different among the three taxa. 
The maximum gross coating penetration limit recorded along the top surface for D. cupressinum '0' and 
'n'-type boards is nine cells; and for P. dacrydioides it is six cells in 'u'-type and thirteen cells in 'n'-type 
boards. Coating penetration appears shallower for P. radiata, with the maximum depth being eight 
cells for 'u'-type and four cells for 'n'-type boards. Extreme maximum penetration occurred along the 
sides of coated weatherboards. The mean angle made by the tracheid cell length and the substrate face 
is greater in 'u'-type boards than 'n'-type boards. 
The performance of the Ti02 tagged alkyd coating and the wood substrates were tested using 
accelerated weathering techniques involving the Xenon-arc Weather-Ometer. Coated and uncoated 
boards were weathered for one thousand, two thousand and three thousand hours. Coating durability 
and substrate behaviour were qualitatively assessed microscopically. Spectrocol orimetrican d 
spectroscopic techniques including the L *a* b* and chromaticity colour systems, fourier transform 
infrared and attenuated total reflectance methods were used to obtain supplementary quantitative 
information. 
Theories on observed coatingfsubstrate behaviour are discussed. 
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CHAPTER 1 
Introduction 
" ... Aegyptii sex milibus annorum aput ipsos inventam, priusquam in Graeciam transiret, ... " 
... (The Egyptians declare that 'painting' was invented among themselves six thousand years ago before it passed over into 
Greece ... ) 
" ... quibusdam pulpa sine venis mero stamine et tenui constat; haec maxime fissilia ... " 
... (some timbers have fibre without veins, consisting of thin filaments merely, these are easiest to split.") 
" ... Apud nos materiae finduntur aliquae sponte; ob id architecti eas fimo inlitas siccari iubent ut adflatus non noceanL." 
... (!Ne have in our country [Rome] some timbers liable to split of their own accord, and architects consequently recommend 
that they should be smeared with dung and then dried, so as to make them proof against tile action of the atmosphere.) 
...... [ Pliny, ftrst century A.D. ] 
Pliny's works are one of OUr earliest written evidence that wood was not only painted for 
decorative purposes but that the architects recognised the need for surface protection of timber. 
For centuries it has been known that wood is a naturally durable material and yet it is one of 
the most variable of substrates. Within a single board major variations in density are apparent. 
Worldwide each country has its own history of the use of timber; influenced by the distribution and 
availability of timber species. 
It ... scandula e rob ore aptissima, .. .facillima ex omnibus quae resinam ferunt, ... e pino ... " 
... (the most suitable roof shingles [in Rome] are got from the hard oak ... those most easily obtained are cut from all the trees 
that produce resin, ... the pine ... ) 
..... [ Pliny, ibid] 
Cladding (weatherboards), as deftned by the Timber Development Association of Australia 
(1968), is the outer covering of the external walls of a framed building. Weatherboards produced in 
New Zealand prior to 1940 were from native gymnosperms. Since then there has been a shift to the 
use of exotic softwoods in particular radiata pine timber because it had been used successfully overseas. 
Angiosperms (hard woods) are not commonly used in New Zealand on the exteriors of structures and 
hence are not dealt with in this study. 
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The traditional use of wood has been affected by the innovation of man-made substitutes for 
building material but many homeowners still prefer to replace old weatherboards with new ones. 
Since the 1960's the timber industry of New Zealand (Kerr, 1965) was urged to produce and market a 
product that would be maintenance free for at least 10-20 years. Not only did the development of 
wood substitutes affect the timber industry but it in turn put pressure on the paint industry to 
manufacture new improved coatings. Reconstituted wood products are used in many exterior 
situations in the building industry today but the use of natural timber is by no means obsolete. 
The topic of wood structure and coatings has been approached by various scientists particularly 
in the paint chemistry, physics and engineering fields but a greater understanding was required and 
this is where the wood anatomists view point was deemed necessary. Cote (1983) wrote " .. .In spite of 
its obvious importance as a substrate for coatings, wood as a material is not well understood. Yet, if 
more effective coating systems are to be produced for use on wood, it is essential that its uuique 
properties be considered ... " 
1.1 AIMS OF INVESTIGATION 
Dacrydium cupressinum Lamb. (rimu), and Podocarpus dacrydioides A.Rich. (kahikatea), 
both native New Zealand timbers; andPinus radiata D.Don. (radiata pine) an exotic species, are the 
three most readily available species from timber merchants in the South Island. Hence, these three 
species were chosen to form the basis of the study of substrate / coating relationships. 
Some questions that are currently being asked are:-
... to what degree is depth of interfacial zone-penetration a critical factor in the durability of wood-
coating systems? 
and 
... will a coating that assumes the final form of a film anchored into the fine structure of a cell wall 
either directly or through an intermediate layer (rather than resting on the surface or interlocked one 
to two cells deep) be a means of securing long term performance or will it pose a whole new range of 
technical problems? 
There are 2 types of wood/ coating interactions: 
GROSS PENETRATION - where the coating fills the cell lumens 
and 
CELL WALL PENETRATION - where the components of the coating fill the inter-microfibrillar 
areas of the cell walls and possibly the amorphous regions within the cellulose microfibraL<;. 
If the film composition remains constant throughout the entire level of penetration into the 
wood then its performance at any point is dependent on its formulation. 
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If a preferential migration of certain components of the coating exists to a specific part of the 
film or the wood substrate then the dependence of the original coating to performance is limited. 
This thesis is presented in three parts. 
PART (A) 
This section is devoted to a survey of the relationship of eight coating systems on the three 
softwood taxa. Seven of the coatings are either water or solvent based primers, all available on the 
New Zealand market and the eighth coating is an alkyd marketed as a exterior clear coating but for the 
purpose of this study is Ti02 tagged. 
Primers were chosen for study because they are the coating system in immediate contact with 
the substrate. 
The coatings studied are:-
Dulux primercry1100% acrylic 
Epiglass water based wood primer 
Taubmans premium fast coat wood primer 
Dulux wunderprime 
Epiglass 1st coat wood primer 
Epiglass G.P.182 oil based alkyd primer 
Taubmans wood primer 
The fIrst three primers are water based, the latter four are solvent based. The remainder 
coating is Ti02 tagged Wattyl Estapol alkyd. 
The objective of this investigation was to determine microscopically whether coating penetration 
differs among taxa and which coating system exhibits the greatest penetration. 
This preliminary examination was made on transverse sections of the weatherboards only. 
Because the longitudinal face of the boards were coated the degree of penetration in terms of cell rows 
is best viewed on the transverse face. 
The other two parts of this thesis evolved from a detailed study of the coating which showed the 
greatest penetration, namely the Ti02 tagged Wattyl Estapol. 
PART (B) 
This section contains a detailed study of the Ti02 tagged Wattyl Estapol on flat and quarter 
sawn Dacrydium cllpressimlm, Pinus radiata andPodocapus daclydioides weatherboards viewed 
microscopically on the transverse, tangential and radial sections. The aims were to detect the 
presence of the coating in the wood qualitatively using X-ray techniques. To determine the extent of 
penetration in terms of cells deep and whether it was intercellular or intracellular. To investigate the 
role of board "mounting" presentation, gross wood morphology, specific wood anatomy and wood 
ultrastructure in the coating/ substrate relationship. All quantitative statistical analyses are 
accompanied by an interpretation of the results in each section. 
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PART (C) 
This section is concerned with evaluating the effect of accelerated weathering on uncoated 
weatherboards representing the three taxa and on coating performance. In order to assess the 
durability of the TiOZ tagged Wattyl Estapol and the influence of wood structure on coating behaviour 
the coating was weathered for a determined period of time and the wood substrate underneath 
compared with unweathered and weathered uncoated boards. Analytical methods including 
spectrocolorimetry and spectroscopy were used to supplement microscopic interpretation of the results. 
1.2 COATING CLASSIFICATIONS. 
The bewildering variety of products available today has resulted in very complex coating 
classifications. Coatings have been classified various ways. 
There are two main types of coatings:-
(1) CONVERT. BLE COATINGS. 
(2) NON-CONVERTf BLE COATINGS. 
Unlike a non-convertLble coating, a convertible coating cannot be redissolved in the solvent 
from which it was originally deposited (OCCA, 1966). Convert lble coatings can be classified into 
types based on film fonnation and curing mechanisms; for example, oxidation reaction between two 
film components, polymerization by heat, or polymerization by irradiation. 
Another type of classification is based on the order of application; that is, PRIMERS, 
UNDERCOATS and FINISHES/TOP COATS. 
The TiOZ tagged Wattyl Estapol is marketed as a clear finish. Traditionally, the term 
FINISH refers to the final coat in a painting system but sometimes it refers to the entire coating system 
including properties affecting appearance. 
Banov (1978) classified coatings into three main types:-
(i) PAINTS, (ii) VARNISHES and Ciii) LACQUERS. 
The modern coating formulator tends to refer to systems rather than to products. The 
Timber Development Association of Australia (1968) classified paints into two categories: 
WATER THINNED and SOLVENT THINNED SYSTEMS. 
In WATER THINNED paints a continuous film is formed when the solid dispersed resin 
binders are freed of water by evaporation. 
The thinner or SOLVENT can be classified into three types: 
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(i) TRUE or ACTIVE SOLVENTS, such as the lower alcohols, ketones and ethers. 
(ii) LATENT or CO-SOLVENTS such as isopropanol, n-butanol and secondary butanol. 
(ill) DILUENTS which are added for the purpose of increasing the solvent power of the solvent 
mixture for other solids present; for example, the aromatic and alophatic hydrocarbons. 
1.3 COATING TERMINOLOGY 
The O.C.CA. (1984) defines PAINT as " ... a pigmented liquid composition which is converted 
to a relatively opaque ftlm after application as a thin layer ... " 
A FILM FORMER is a polymeric organic compound which when applied to its intended 
substrate forms a continuous film. 
PIGMENTS are the fme solid particles insoluble in the vehicle. The liquid portion of the 
paint including the film former and volatile solvent is termed the VEHICLE. 
The BINDER or ftlm former is the " ... non-volatile portion of the coating vehicle which is in the 
ftlm forming ingredient used to bind the pigment particles ... " (O.C.CA. 1984) and enables the film to 
adhere to the substrate. 
ALKYDS are excellent binders due to their ability to "wet" and disperse pigments. 
Alkyds are classified as: 
(i) Long-oil 
(ii) Medium-oil 
(ill) Short-oil 
The oil length is the oil to resin ratio present. Long oil alkyds have a greater ratio of oil to 
resin and a high percentage of fatty acids. An increase in oil length causes an increase in mm 
flexibility. Long and medium oil length alkyds are solu bIe in both aliphatic and aromatic 
hydrocarbons and turpentine (OCCA, 1969). For example, the length in the Ti02 tagged Wattyl 
Estapol alkyd is approximately 65%, therefore it is classified as a long oil alkyd. 
PAINTS consist of PIGMENT, BINDER, THINNER and a range of ADDITIVES which may 
include anti-microbials, anti-fooming agents, anti-freeze, coalescing agents, driers, anti-skinning 
agents, anti-gelling agents, freeze-thaw stabilizers, pigment suspension aids, pigment wetting aids, 
thixotropic agents, viscosity control agents and preservatives. 
PAINT DRIERS are the most important group of paint additives. O.C.CA. (1984) defines 
DRIER as " ... a material that promotes or accelerates the drying, curing or hardening of oxidizable 
coating vehicles ... " 
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The metal soaps of a mono carboxylic acid dissolved in a hydrocarbon solvent and standardized 
to an acceptable metal content are the main types of material used. Cobalt and manganese are more 
active driers than lead soaps. Zirconium in the form of zirconyl soap is also used. 
1.4 PRIMERS 
A primer is the ftrst coat of paint applied to timber. The main aim of priming seasoned 
timber is to protect it from weathering during storage. In order to move sympathetically with the 
timber substrate primers need a degree of hydroplasticity. Primers are not intended to act as ftllers. 
Primers prevent oils and resins being sucked out of subsequent coats of paint. The pigment volume 
concentration (P.V.C.) of a primer is between 30-45% (O.C.CA. 1974); that is 55-70% by volume of 
the dry coating is binder. This should be sufficient to form a flat surface which will not affect the 
wetting ability of subsequent coats, nor cause adhesion problems and is still porous enough to permit 
moisture-vapour transmission. 
1.5 PIGMENTS 
The function of pigment in a coating is to hide the substrate, to decorate and enhance it. 
Hiding pigments are capable of altering transparency or translucency. Rutile -titanium dioxide, 
anatase-titanium dioxide, zinc sulphide, lithopone, zinc oxide, aqueous calcium molybdate, antimony 
oxide, oil based calcium molybdate, basic carbonate white lead and basic silicate white lead are some 
of the white pigments that have been used in the paint industry for hiding purposes. 
Titanium dioxide became sought after as a white pigment in the 1930's as it is resistant to heat 
and the media and solvents associated with paint manufacture. It is predominantly chemically stable. 
There are two structural forms of titanium dioxide, both of which are used in the paint industry. 
Rutile-titanium dioxide has increased in importance at the expense of anatase-titanium dioxide because 
of its non-chalking and better hiding power as well as for economic reasons. The rutile form, with 
mean particle size O.2-0.3,1l11l1 and refractive index 2.71, is used in undercoats and in emulsion paints. 
By comparison, the anatase form with a smaller mean particle size range of O.18-0.23.Alm and lower 
R.I (2.55) is used for fmishes. 
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EXTENDER PIGMENTS form another group of pigments. They are defmed as " ... generally 
colourless, transparent pigments used either to lower the cost of a coating or impart a special property 
to it..." (O.C.CA.,1974). Extender pigments provide bulk and body to the surface coating. They 
can be grouped into four classes: (i) silicates, (ii) calcium sulphate, (ill) calcium carbonate and (iv) 
barium sulphate. 
1.6 WEATHERBOARDS. 
There are two main types of horizontal weatherboarding lying flat against the studs without 
sheathing underneath that are used in New Zealand: 
(a) BEVEL-BACK WEATHERBOARDING and (b) RUSTICATED WEATHERBOARDS. 
VERTICAL BOARDING is also used in exterior situations; these include SQUARE EDGED 
boards with covering battens, TONGUED-and- GROVED boards and SHIP LAP patterned boards. 
Weatherboards may be FLAT SAWN or QUARTER SAWN. When timber is sawn so that the 
annual growth rings as viewed on the end section of a piece of weatherboard, form an angle of less 
than 300 with the board face it is called FLAT SAWN (SLASH GRAIN or PLAIN SAWN) wood. 
QUARTER SAWN refers to timber that is sawn so that the annual growth rings form an angle of more 
than 600 with the board face. Quarter sawn timber exhibits edge grain. 
Weatherboards can be mounted two different ways; either with the pith side exposed (referred 
in this study as 'u' -type growth ring patterned boards) or with the outer sapwood [bark] side exposed 
(referred in this study as 'n'-type growth ring patterned boards). The latter is considered the correct 
mounting, however the weatherboards sold in New Zealand exhibit random mounting due to economic 
reasons with regard to timber use. 
Good quality, dressed, preservative treated, new, bevel-back weatherboards were prepared 
for coating as outlined in the 1978 New Zealand Paint Manufacturers Association guidelines. 
Each unthinned coating type was brush applied to either flat or quarter sawn board surfaces 
including the arris. The backs and end grains of panels used in the weathering trials were also 
coated. These panels were not preservative treated, 
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CHAPTER 2 
Methods 
2.1 BULK ANALYSIS OF PAINT/COATING AND BULK ANALYSIS OF 
WEATHERBOARD BLOCKS USING THE CAMBRIDGE STEREOSCAN MARK 
250 SCANNING ELECTRON MICROSCOPE AND ENERGY DISPERSIVE X-
RAY ANALYSIS (EDXA) TECHNIQUES. 
Fresh paint/coating was applied to graphite blocks which were mounted onto aluminium stubs 
with carbon conductive paint and coated with a thin conductive layer of carbon by vacuum deposition. 
In the case of weatherboard bulk analysis, blocks of wood were mounted onto graphite blocks and 
carbon coated as described above. 
The Cambridge Stereoscan mark 250 was fitted with an EDAX SW 9100/40 system and Dec 
PDP 11 computer with software supplied by EDAX. 
Specimen magnification has no effect on the analysis since all magnification occurs after the 
specimen has been irradiated, however a magnification of 100 times was chosen for convenience for 
all bulk analyses. 
Once the specimen region for analysis was chosen the electron beam was focused onto the 
region and the detector set to collect the emitted X-rays. In bulk specimens the electrons are totally 
stopped by the sample and none of the incident electrons can reach the far surface. Dead time is 
the period when an X-ray is being received by the detector and it is 'dead' to other incoming X-ray 
photons. To compensate for this loss analyses are performed in the 'live-time' mode. Spot size 
was adjusted to give a count rate of 3000-3500 counts per second. The energy range was set between 
1-20 keV. Each analysis was performed during 60 live seconds. 
Analytical data were expressed as the intensity (CPS), background (CPS) and as peak height 
to background (P /B) ratios. The elements were corrected for atomic number (Z), absorption (A), 
and fluorescence (F) effects. K refers to the standard constant. The ZAP corrections were 
performed by computer methods within the analyser itself. P /B ratios were not converted into 
weight percent. Note the 'bremsstrahlung', 'continuum' or 'white radiation' forms the majority of 
the X-ray background upon which characteristic lines are superimposed. 
2.2 BULK ANALYSIS OF PAINT/COATING USING THE JEOL SCANNING 
ELECTRON MICROSCOPE AND LINK EDXA TECHNIQUES. 
Elements lighter than atomic number 10 are unable to be detected with this system. Fresh 
paint/coating was applied to carbon blocks which were mounted onto aluminium stubs with carbon 
conductive paint and carbon coated to provide electrical conductivity without introducing extraneous 
X-ray peaks. 
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The JEOL JSM -35 S.E.M. fitted with a LINK 290 Energy Dispersive X-ray Analyser (EDXA) 
was operated with an accelerating voltage of 15 kV and a beam current of the order of 0.5 x 10-9 
Amps to give a count rate of the order of 1500 counts per sec. The specimen tilting angle of 00 and 
the take off angle of the detector of 350 were held constant throughout. The S.E.M. was operated at 
15 Ke V to allow for + ve identification of certain possible overlapping k and I characteristic lines. 
2.3 CONSTRUCTION OF THE GRAPHITE ROD SPECIMEN HOLDER. 
A pure graphite rod was cut into a 1 cm length and a tiny hole drilled in the centre of the rod 
using a twist drill (SKF) size 80; 0.0135 ins diameter. The depth of the hole was approximately ten 
times the diameter. The carbon block was placed hole uppermost onto an aluminium stub and 
mounted with carbon conductive paint. The carbon block was examined using S.E.M'; E.DXA. 
The focused beam was positioned in the centre of the hole to check that the X-rays were undetectable 
indicating that the hole was deep enough. 
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2.4 PREPARATION OF WOOD FOR SCANNING ELECTRON MICROSCOPY 
(SECONDARY ELECTRON AND BACKSCATTERED ELECTRON IMAGES). 
Small blocks of 'painted' dry weatherboard were cut into cubes and the desired area selected 
for trimming. The cubes were clamped in a vice and screwed into position on a Reichert 
stereomicroscope. The transverse face was shaved smooth with a sharp razor blade taking care not 
to disturb the coated side. The trimmed block was then cut diagonally so as to produce two 450 
faces as described by Exley et al (1973,1977). The specimens were mounted onto metal stubs. 
Conductive carbon paint was smeared onto the stubs. The specimens were carbon coated on an 
Edwards High Vacuum coater and examined under the Cambridge Stereoscan 250 mark 2 in 
conjunction with the Robinson backscatter detector. 
The backscatter detector provides atomic number contrast, thus elements of high atomic 
number emit more backscattered electrons than those of lower atomic number. Because the coating 
is a region of higher mean atomic number than the wood it appears brighter. 
2.5 PREPARATION OF THIN SECTIONS FOR LIGHT MICROSCOPY. 
Small sample blocks of wood were sawn out of the coated weatherboards. The blocks were 
then cut into match stick sized pieces and the transverse section of the wood carefully trimmed with a 
sharp razor blade into a short column of cells, taking care that the coated side remained intact. The 
unembedded wood was then sectioned in the transverse plane using an LKB 2128 Ultrotome IV 
(Bromma Ultramicrotome system). 1pm thin sections were cut using glass knives. The knife 
cutting angle was set at 50. Sections were floated off onto the knife and then transferred to ethanol 
cleaned microscope slides and heat fIxed to the slide, stained with Toluidine Blue and mounted in 
Depex. Toluidine Blue stains unlignifIed cells purple and lignifIed cells blue-green. The sections 
were photographed with the Leitz Wetzlar orthoplan microscope. 
2.6 L.R. WHITE EMBEDDING TECHNIQUE 
Coated wood samples were cut into small pieces with a sharp razor blade taking care to cut 
the transverse sections as required ready for orientation for embedding. The air dried specimens 
were dehydrated in two changes of 100% ethanol (absolute ethanol 1 hr each at room temperature) 
before inftltrating with 100% London resin (L.R.White - medium grade). The low viscosity of 
London resin enables short inftltration times depending on the tissue size; when infiltrated the tissue 
turns translucent and sinks to the bottom of the vial. The specimens were subsequently embedded 
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in London resin using plastic embedding moulds which were sealed, as oxygen inhibits 
polymerization. The resin was thermal cured at 700C for a minimum of 24 hours. Some 
specimens were polymerized in a nitrogen environment. Embedding moulds containing specimens 
in L.R.White were transferred to a bell jar which was filled with nitrogen. The bell jar was placed in 
the oven and left for 24 hours at 700c. 
2.7 SPURRB RESIN EMBEDDING TECHNIQUE 
Coated wood samples were cut into small pieces with a sharp razor blade taking care to cut 
the transverse sections as required ready for orientation for embedding. The air dried specimens 
were then oven dried. Several methods of embedding were tried in order to determine the best 
technique for coated wood. The procedures were as follows:-
PROCEDURE A. 
Specimens were dehydrated in 100% ethanol and evacuated for 10 minutes, then embedded in 
100% Spurrs resin and polymerised overnight at 700c. 
PROCEDURE B. 
Specimens were dehydrated in 100% ethanol and evacuated for 10 minutes then infiltrated in 
50/50 ethanol/Spurrs for 10 minutes prior to embedding in 100% Spurrs and polymerized overnight 
at 700c. 
PROCEDURE C. 
Oven dried specimens (1 hr at 700c) were embedded directly in 100% Spurrs and polymerised 
overnight at 70 oc. 
This la5t j method proved most successful and was the quickest to perform. 
2.8 PREPARATION OF ULTRA·THIN SECTIONS FROM SPURRS 
EMBEDDED BLOCKS FOR TRANSMISSION ELECTRONMICROSCOPY. 
spurts embedded specimens were glued onto already prepared capsules made of the 
embedding medium. The capsule was secured on a chuck on an LKB Pyramitome and the surface 
of the block manually trimmed using glass knives. Survey sections were cut prior to ultra-thin 
sectioning. The block was then trimmed into a trapezium using a sharp razor blade. The block 
was further trimmed on the Pyramitome using glass knives. The corner of the knife was positioned 
to shave a few ft11ll off the edge of the block. The specimen block was then rotated through 900 and 
the next side trimmed. All four sides were trimmed in a similar manner to produce a "mesa". 
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Some of the mesas were sectioned on the LICE Ultrotome Type 4801 A in conjunction with control 
unit 4802 A. Ultra-thin sections 80 run thick were cut using glass knives and floated out onto 
distilled water. The distilled water was contained in a trough made from adhesive vinyl tape 
wrapped around the knife from one side to the other. A syringe with hypodermic needle was used 
for maintaining the correct height of the water in the trough. Filter paper soaked in chloroform was 
held above the sections to induce unrolling. The ribbons of cut sections were picked up on formvar 
coated grids by gripping the edge of the grid with forceps and lowering the coated side of the grid 
down onto the trough containing the floating sections. 100 mesh copper grids were used. The 
sections were placed face up onto filter paper lining labelled petri dishes. 
Some Spurrs embedded specimens were cut with a diamond knife on the LKB 2128 Ultrotome 
IV (Bromma ultramicrotome system). The diamond knife cutting angle was set at 30 and 70 run 
section thickness was selected. The suitability of various staining techniques for thin sections is 
discussed by Nunn (1970), Hayat (1975), Reid (1975) and Roland (1978). 
2.9 URANYL ACETATE STAINING OF ULTRA-THIN SECTIONS FOR 
TRANSMISSION ELECTRON MICROSCOPY. 
Uranyl acetate U02 (CH3 CO O~ .2 H20 is a useful stain for electron microscopy because 
uranium has an atomic number of 92 and uranyl ions contain an atom of sufficiently high atomic 
weight to be effective in scattering electrons. Uranyl acetate produces high contrast and is suitable 
for high resolution work. Uranyl acetate is very slow to dissolve in water and its solubility increases 
at higher temperatures and in alcoholic solutions. Research (Lewis & Knight, 1977) has shown that 
uranyl acetate stain penetrates ultra-thin sections completely. 1% uranyl acetate in 50% ethanol 
was used. 
Using a pipette drops of uranyl acetate were placed onto a marked and labelled sheet of wax 
parafihn lining a glass petri dish. Each mounted grid was in turn picked up with forceps and placed 
face down onto a drop of stain and left for 15 minutes at room temperature. The grids were then 
washed thoroughly in ethanol. Using forceps each grid was immersed into a beaker of ethanol for 5 
seconds, blotted dry and then dipped into two changes of distilled water and blotted dry. 
2.10 LEAD CITRATE STAINING OF ULTRA~THIN SECTIONS FOR 
TRANSMISSION ELECTRON MICROSCOPY. 
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The uranyl acetate stained grids were stained in Sato's lead citrate which was prepared 
following Hayat's (1975) schedule. Lead has an atomic number of 82 and it is generally agreed that 
sections stained with lead citrate are penetrated completely. 
Glass petri dishes were lined with wax parafIlm sheets and prepared in a similar manner as for 
uranyl acetate staining. Pipetted drops of lead citrate were placed on the wax sheet and each grid 
was placed face down onto the lead stain. The dish was covered and sections left to stain for 10 
minutes. When the staining time had expired each grid was removed in turn and held in forceps and 
washed in two changes of distilled water and blotted dry. The grids were placed section face up on 
clean dry fIlter paper lining a petri dish and labelled. 
2.11 EXAMINATION OF ULTRA-THIN URANYL ACETATE-LEAD CITRATE 
STAINED SPECIMENS USING THE TRANSMISSION ELECTRON 
MICROSCOPE. 
The JEOL 1200 EX T.E.M. was operated with an accelerating voltage of 80 kV; the spot size 
was set at 2. All photographs were taken on a 35 mm fIlm with the shutter speed set at 0.5 seconds. 
2.12 EXAMINATION & MICROANALYSIS OF ULTRA-THIN UNSTAINED 
SECTIONS USING THE JEOL TRANSMISSION ELECTRON MICROSCOPE 
IEM 1200/2000 - ASID 10/20 AND ENERGY DISPERSIVE SYSTEM 
(STEM/EDXA). 
Information on the location and distribution of elements in tracheid cell walls can be obtained 
using ultra-thin sections ( < 0.2JUm thick) and the transmission electron microscope adjusted to STEM 
mode (scanning transmission mode). In ultra-thin sections X-ray intensity is reduced in comparison 
with a bulk specimen. Ultra-thin samples are those in which almost no effects of inelastic electron 
scattering or X-ray absorption occur although a little energy is imparted to the specimen to produce 
X-rays. Lateral diffusion of the electron beam is negligible. In ultra-thin sections the improved 
image resolution and increased contrast and magnification allow placement of the electron beam with 
greater accuracy. 
Ultra-thin unstained sections were analysed. The data collected for a particular analysis of 1 
element in a given period of time is related to the total number of atoms of that element in the 
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specimen region analysed. The TEM was operated at 80 kV. One solution to the problem of 
extraneous background which occurs when operating at high accelerating voltages in STEM mode was 
to reduce the uncollimated radiation by using grids with a large mesh size (Ryan et al, 1984). An 
EM-SR graphite specimen retainer was used with the SM-SCSH common specimen holder. For 
ultra-thin sections the ZAP correction is much smaller compared with bulk samples. When using 
ultra-thin sections the production of X-ray signals is very low. For photographic purposes the 
analysis time was increased in order to accumulate sufficient X-ray counts in a mapping display. 
This method is purely qualitative. Peak height ratios do not represent elemental ratios for the X-
rays generated may be differentially absorbed before reaching the detector. 
2.13 MEASUREMENT OF CONTACT ANGLES OF COATINGS ON 
SUBSTRATES. 
Coating contact angle measurements have been used to characterize liquids, solids and 
substrates. The technique involves placing a drop of coating using either a pipette or pointed rod 
onto a glass slide and measuring the contact angle. 
A schematic diagram and definition of the contact angle interfacial tension between solid, 
liquid and vapour are discussed by Pierce and Schoff (1988). The only type of surface tension that 
can be directly measured is the surface tension of the liquid drop/vapour interface. Angle e is the 
contact angle. A drop diameter of 2-4mm is the accepted size for contact angle measurement 
studies (Pierce and Scoff, 1988). 
The angle of contact was measured with the aid of an Olympus light microscope and camera 
lucida. 
2.14 ACCELERATED WEATHERING TESTS ON COATED 
WEATHERBOARDS. 
EXPOSURE APPARATUS-ATLAS XENON ARC WEATHER-O-METER. 
Model Ci 65 
CONTROLLED IRRADIANCE EXPOSURE SYSTEM 
(ASTM-American Society for Testing Materials) 
TEST METHOD-ASTM G 26-83. 
LIGHT SOURCE-Long arc water cooled xenon lamp rated at 
6500 watts, but operated at around 6000 watts. 
METHOD USED TO REGULATE WATTAGE TO LAMP-Automatic irradiance. 
OPTICAL FILTERS-Borosilicate glass inner and outer filters. 
SPECTRAL IRRADIANCE-0.55 W 1m2 at 340 nm when operated at 
6000 watts. 
RE LA TIVE HUMIDITY -Controlled through the use of a wet bulb 
depression circuit. 
CONDITIONED WATER-17oc. 
AIR TEMPERATURE-34oc . 
SPECIMEN SPRA Y WATER TYPE-Distilled water. 
(Maximum flow rate 18 litres per hour). 
SPECIMEN SPRA Y UNIT -4 nozzles which are in close proximity 
to the xenon lamp and the light sensor and sprays 
water on the specimens. (Nozzle type F-80). 
SPECIMEN RACK ROTATION DURING EXPOSURE-l ::i:O.l rpm 
(revolutions per minute). 
CYCLE-18 minutes continuous light and spray followed by 102 
minutes of light. 
WEATHERBOARD ANGLE-Vertical. 
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2.15 COLOUR SYSTEMS FOR MEASURING THE REFLECTIVE COLOURS 
OF SURFACES 
The Hunter Labscan Spectrocolorimeter and the Minolta Chroma-Meter CR200, tristimulus 
colour analysers for measuring reflective colours of surfaces, were used to make absolute chromatic 
measurements on uncoated, coated, unweathered and weathered weatherboards. 
Their spectral response closely approximates the Commission Intemationale I'F..clairage (ClB) Standard Observer 
curves (~1\, y'" and z?\ ). 
The following four different colour systems for measuring absolute chromaticity were used: 
L*a*b*, L*C*~, CIE Yxy 
and colorimetric densities Dx Dy Dz. 
For two colours to match, the tristimulus values X,Y, and Z (as determined by the cm (1931)) must be identical. 
X, Y and Z are the three quantities defining the colours. Colour as perceived has three dimensions: lightness,hue and 
chroma. The metric lightness factor (L) is included to identify a sample colour precisely because the two chromaticity 
coordinates (a' b' ie hue and chroma) are unable to describe a colour completely. 
The CIB L' a' b' colour system most closely represents the human sensitivity to colour. Equal distances in the 
cm L' a' b' system approximately resemble perceived colour differences. 
The L' a' b* defining equations are: 
L· = 116 (~ (3 - 16 
Yo 
1 1 
a· = 500 {~\/3 - (~\ /3 
Xo Yo 
b· = 200 I ~ }/3 -( Z )1/3 
Yo Zo 
where Xo, Yo and Zo are the tristimulus values of the illuminant used. 
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In the CIE L ·C·H· colour system L· is the metric lightness factor, C· is the metric chroma and Ho is the metric hue 
angle. 
In the CIE Yxy colour system the lightness factor Y is the percentage reflectance while x and yare the chromaticity 
coordinates. 
The defining equations are: 
x = X 
----
X + Y + Z 
y = --=..Y_--
X + Y + Z 
and the tristimulus values X, Y and Z can be calculated from the Y, and x and y values where 
X = Y (x/y), Y = Y, and Z = Y (x-y ) 
y 
1 All samples were measured on the Hunter Labscan Spectrocolorimeter and three 
measurements were made on the surface of each sample and the averages obtained. Each 
measurement was made on a 44mm diameter area. 
Colour terms used here are derived from CIE (1970). The iUuminant condition chosen was 
the CIE Standard Illuminant D65 (which is intended to represent overcast sky daylight with a 
component of ultraviolet radiation). The correlated colour temperature of the light source was 
approximately 6500 kelvin units. The CIE (1964) ten degree standard observer was selected. The 
Hunter Labscan Spectrocolorimeter uses 00 /450 geometry i.e. the sample is illuminated along the 
normal and viewed (detected) at an angIe of 450 from the normal to its surface through a ring of 16 
fiber optic receptor stations. 
2 The same samples were also measured on the portable Minolta Chroma-Meter CR200. 
Three measurements were made on the surface of each sample and the averages obtained. Each 
measurement was made on a 8mm diameter area. The Chroma-Meter CR200 uses diffuse /00 
geometry. The sample was illuminated with diffuse light from all directions and a detector measures 
the light reflected along the normal to the sample. 
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2.16 FOURIER TRANSFORM INFRARED (FTIR) TECHNIQUE 
In all spectroscopic techniques a polychromatic beam of radiation is acted upon such that each 
frequency of the radiation is differentiated from all the other frequencies in such a way that the 
resolution element (intensity of each frequency) can be measured. 
An interferogram contains information on the intensity of each frequency in the spectrum; it 
utilizes a mathematical operation known as the Fourier Transformation. Interferometry is also 
known as fourier transform spectroscopy. Because the FTIR scans up to 100 microns in depth the 
surface detail, as detected by the ATR method, may be undetected. 
A Biorad Digilab FTS 60 was used to produce FTIR spectra of unweathered and weathered 
boards coated with Ti02 tagged Wattyl Estapol. For each sample 1 mg of scraped off coating was 
chopped into tiny pieces and the sample mixed with 100 mg dry potassium bromide (KEr) powder and 
ground into a fine powder in a mortar. KEr was used as a matrix because it has no infrared 
spectrum. The KEr-sample mixture was placed in the nut cell holder portion of a mini pellet press 
with the bottom bolt screwed in place. The top bolt was subsequently introduced. Pressure was 
applied by tightening the bolts. The mixture was pressed in vacuo to form the transparent pellet. 
2.17 ATTENUATED TOTAL REFLECTANCE (ATR) TECHNIQUE. 
(also known as multiple internal reflectance or internal reflection spectroscopy) 
In the ATR technique a beam of light that is internally reflected from the surface of a 
transmitting medium travels a few microns beyond the reflecting boundary and is returned to the 
transmitting medium as a part of the process of reflection. The ATR method produces a reflection 
spectrum from the interface of a high refractive index transmitting prism and the sample substrate 
(i.e. when the absorbing sample which has a lower refractive index than the transmitting medium is 
brought into contact with the reflecting interface of the prism part of the incident radiation will be 
absorbed and the total reflection will be attenuated). 
A Biorad Digilab FTS 60 was used to produce ATR spectra of unweathered and weathered 
boards coated with Ti02 tagged Wattyl Estapol. For each sample two thin 1 cm square shavings of 
the coating were pressed against both sides of a crystal and clamped between rubber backed 
aluminium foil. The prism used in ATR was KRS-5 since this crystal has a large depth of 
penetration and can produce infrared spectra over the entire mid-IR 4000-400 cm-1. The ATR 
scans up to 5 microns in depth. A 450 crystal geometry was used and the spectra were recorded at 4 
cm-1 resolution. The abscissa scales are presented as wavenumbers (cm-1). 
CHAPTER 3 
3.1 GROSS WOOD STRUCTURE 
Dacrydium cupressinum and Podocarpus dacrydioides are both members of the Podocarpaceae 
family. Pinus radiata belongs to the Pinaceae family and on the basis of its wood anatomy is placed in 
the Ponderosa group of conifers. 
For trees growing in temperate regions the annual growth increment is visible as a series of 
concentric rings. However, characteristic notable variation in growth ring patterns occur within 
genera and can be used to distinguish species. Patel (1967) noted from detailed studies of the 
anatomical features of the secondary xylem of the Podocarpaceae, that D. cupressinum differs from the 
other species of Dacrydium in that the growth rings are indistinct microscopically irrespective of the 
ring width. Orman and Reid (1946) deduced that D. cupressinum shows greater anatomical similarity 
to the Podocarpus species than to the Dacrydium species. P. dacrydioides also has indistinct growth 
rmgs. By contrast to the two endemic taxa, P. radiata has distinct growth rings. 
3.2 WOOD ANATOMY 
Tracheids andpa.tAd:1''ilre the major cell types in all three taxa. Axial parenchyma is abundant in 
D. cupressinum and P. dacrydioides but sparse in P. radiata The lengths and diameters of stem and 
root early wood tracheids were measured by Patel (1%7, 1970) and Donaldson (1983). They 
recorded D. cupressillum has an average tracheid length of 3.38 mm and 3.63 mm respectively, 
compared to 3.19 mm and 2.67 mm, the fIgures they obtained for P. dacrydioides. The tracheids of 
P. radiata are much longer and wider in root wood than in stem wood. The average values recorded 
by Patel (ibid) were 2.72 mm for stem wood and 4.52 mm for root wood. The tangential diameter for 
stem wood tracheids as presented by Patel (ibid) are 38.35}l1ll, 31.75.ft11D and 29,43/Um for P. radiata, 
D. cupressinum and P. dacrydioides respectively. 
Tracheid walls are pierced by a variety of pit types. The pits may be paired with adjacent 
tracheids, axial parenchyma cells, ray parenchyma cells or ray tracheids. Intertracheid pits are 
bordered, possess a torus and margo and are present in the earlywood radial walls of all three taxa. 
The bordered pits are usually uniseriate. Biseriate bordered pits are infrequent but if present are 
arranged oppositely. Tangential pits on the tracheid walls are rare. 
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FIGURE 2 
Figures 1 and 2 show different views of bordered pits. A range of pit types is featured in figure 3. 
Pits connecting tracheids to axial parenchyma lack borders, torus and margo. Pits in the tracheid 
walls leading to ray parenchyma have borders overarching simple pit membranes (figure 4) and form 
prominent cross-fields. In D. cupressinum the cross-field pits are cupressoid, taxodioid and piceoid; 
the former two types often exhibit large apertures. P. dacrydioides also possesses cupressoid cross-
field pits but these are small; taxodioid and piceoid types are sometimes present, (Kaeiser, 1954). 
There are generally one to two pits per cross-field in bothD. cupressinum andP. dacrydioides. The 
pits leading to ray parenchyma in P. radiata are the pinoid type; the pits are variable in shape and size 
and there may be up to four pits per cross-field. 
Strand tracheids associated with resin ducts occur in P.radiata. Axial parenchyma is sparse in 
P. radiata but abundant in both D. cupressinum and P. dacrydioides. The pits on the radial walls are 
simple or sieve-like. 
The rays in all three taxa are predominantly uniseriate although part-biseriate and biseriate rays 
have been observed. The horizontal walls of ray parenchyma in both D. cupressinum and P. 
dacrydioides are thin and generally unpitted although Patel (ibid) found some evidence of weakly pitted 
areas in D. cttpressinum. There are two types of horizontal ray walls in P. radiata (a) thin and 
unpitted and (b) thicker and pitted walls. Ray tracheids are present in P. radiata and are dentate. 
The genus Pin us is separated from all other conifers by the presence of resin ducts and 
associated thin walled epithelial cells. In P. radiata short and long parenchyma cells partly or 
completely surround the epithelial lining. 
3.3 WOOD ULTRASTRUCTURE 
3.3.1 TRACHEID CELL WALL STRUCTURE 
In the last half century scientists made significant contributions to the field of wood 
ultrastructure with the aid of the transmission electron microscope. These included major 
discoveries by Harada, Wardrop, Liese and co-workers of the 1950's era. Technical improvement 
both in technique and instrumentation led to a tendency to refme and confrrm existing concepts. 
Literature on the structure and composition of the tracheid cell wall is extensive. It is well known 
that coniferous wood cell walls consist of cellulose (the framework substance) in the form of long 
crystalline microfibrils embedded in hemicellulose (the matrix substance) and bound together by lignin. 
Earlywood tracheid wall thickness in stem wood was measured from transverse sections by 
Patel (1967,1970); the values given for D. cupressinum, P. dacrydioides andP. radiata were 2.76;um, 
3.01pm and 3.45)llm respectively. The tracheid cell walls of D. cupressinum, P. dacrydioides andP. 
radiata consist of both primary and secondary walls and exhibit the typical structure of conifer normal 
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CELL WALL PITTING 
A. (R.L.F.) Conifer bordered pit-p irs in P.r didt~ latewood. 
B. (T.F.) Conifer bordered pit-pairs in 0 cupr s inurn (rimu). 
C. (R.L.F.) Bordered pit in P rdciidta. 
D-G. ( .L.F.) Tr cheld to r y cross-ti€.'Jd pittin in P f, (II !oJ. 
N I th co ling filled c II I It ur 5 F & G. (SEM). 
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wood as described by Wardrop (1954), and Wardrop & Dadswell (1957). A thin network of 
irregularly arranged microfibrils make up the primary wall. The middle lamella connects individual 
tracheids to surrounding tracheid cells. The three layers, designated Sp S2 and S3 of the secondary 
wall are easily distinguished in all three taxa. Page (1976) and Ruel et al (1978) believed that each of 
the three secondary wall layers consist of lamellae of polysaccharide and lignin and that each lamella of 
polysaccharide consists of a single layer of parallel cellulose microfibrils sheathed in a monomolecular 
layer of hemicelluloses. Kerr & Goring (1975) proposed that part of the hemicellulose in the 
secondary walls forms a thin coating on the cellulose microfibrils. The microfibrils of the outer S1 
layer are orientated in a nearly transverse direction to the long side of the cells. The S2 consists of 
microfibrils orientated at a small angle to the long axis of the cell, and the innermost S3 layer consists 
of nearly transverse orientated microfibrils. 
Wall sculpturing may be present on the lumen face. A warty layer is very obvious on the walls 
of P. radiata. Figure 5 shows the warty layer lining a pit chamber. Very fine helical thickening and 
callitrisoid thickening may be seen on the tracheid walls of some specimens of D. cupressinum and 
helical thickening is occasionally observed in P. radiata. 
3.3.2 CELL WALL POROSITY 
Controversy still exists on the subject of the nature of the organization of the cellulose 
micromolecules of the cell wall within a microfibril due to insufficient TEM evidence and different 
preparation techniques employed. Two main schools of thought are the 'chain folding' and the 'spiral 
arrangement' theories as reviewed by Cote (1981). Regarding the dimension of the cellulose fibrils in 
mature cells it is generally held that the diameters are between 20 nm to 40 nm. (Cote [ibidD. 
Various experiments have demonstrated cell wall porosity in P. radiata and will be discussed in 
more detail later. However it is notable here that Wardrop and Davies (1961) deduced that the 
middle lamella, primary wall and outer S1 layers are regions of low packing density and relatively high 
porosity; capillaries in the middle lamella appeared smaller than those of other regions of the cell wall; 
and the number of penetrable capillaries was greater in the SI and S3layers than in the S2 layer. 
3.3.3 CELL WALL PITIING 
The frne structure of conifer pits has intrigued scientists for decades. 
In the last twenty years detailed descriptions of the formation and development of the pit 
membrane and border include those by Liese (1%5); Cote (1965), Thomas (1968, 1970); Murmanis 
& Sachs (1969); Parham & Baird (1973); Imamura et al (1974); and Barnett & Harris (1975). 
Figure 5 depicts a series of micrographs illustrating the ultrastructure of intertracheid pitting in P. 
radiata. The torus is defined as the central thicker part of a pit membrane (IA WA, 1964) of a 
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FICURE 5 (T.S . ) . 
lI. - F . 
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o . 5 .,urn 
Rl\.DIATlI. PINE. 
D t ils of th int r-
tr ch id pit pair in fig .C. 
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bordered pit in earlywood tracheids and it is surrounded by a margo of cellulose microfibrils. Full 
development of the microfibrillar structure of the torus and margo in the primary wall formation stage 
and the embedding of the margo throughout the differentiating zone are attributed to the general 
phenomena which occurs in the process of bordered pit membrane formation in tracheids ( Imamura 
et aI, 1974 ). Frey-Wyssling et al (1956) suggested that in Pin us sylvestris the large radiating 
microfibrils that make up the margo were formed both by aggregation of the existing small microfibril ... 
and the addition of new radial microfibrils. They believed a central ring of micro fibrils was set off 
from the remainder of the membrane to form the torus while the microfibrils of the margo were 
formed by the aggregation of smaller microfibrils and subsequently as each microfibril diameter 
increased with age the number of strands decreased. Their work led to several schools of thought on 
the subject. From a study of the differentiating longitudinal tracheids in Southern Yellow Pines, 
Thomas (1968) deduced that the margo of the bordered pit membrane was imperforate. He also 
obtained evidence to reject theories that microfibril formation was due to pit aspiration. He 
produced examples showing the characteristic radial orientation of a large number of microfibrils in pit 
membranes which had never been aspirated. Thomas's theory on pit membrane differentiation 
involved the delineation of a primary pit field which consisted of the two primary walls and the 
intercellular substance. The next stage involved the apposition of large radiating microfibrils onto the 
existing primary wall which was succeeded by torus formation. Circularly orientated microfibrils 
were deposited in the central region of the pit membrane. Apposition of amorphous, hydrolysis-
resistant substances followed. The fmal stage involved enzymatic removal of bulk portion of both the 
primary wall and the intercellular substances within the margo as the pit membrane approached 
maturity. 
Handa & Cote (1967) recognized two types of bordered pit membranes in coniferous tracheids. 
One type had circularly orientated microfibrils around the periphery of the torus and the other type 
had a continuous passage of microfibrils from margo to torus. The structure of the earlywood 
bordered pit of D. cupressinum, P. dacrydioides and P. radiata is very similar as seen under the scanning 
electron microscope (refer figures 1 and 3 ). It is notable that the thick latewood pit membrane in all 
three taxa, lacks any obvious pores in the margo. The absence of pores in the margo may also be 
due to the reticulate network of unseparated microfibrils (Butterfield & Meylan, 1980) and/or to the 
deposition of encrusting secondary material. 
Imamura et al (1974) traced the development of the bordered pit inPinus densif/ora, 
Cryptomeria japonica and Chamaecyparis obtusa and reported that the pit border of the earlywood 
tracheid was formed by the deposition of the S1 layer, being supplied with the simultaneous apposition 
of the initial pit border on the pit cavity side. During S1 layer formation the transversely orientated 
microfibrils in the inner surface of the tracheid curved around the pit aperture and some extended 
towards the top of the pit border. They summerized pit border formation as involving successive 
depositions of microlamellae of the S1 layer around the pit aperture. Subsequently the S2 and S3 
layers are deposited in the tracheid wall, followed by orientation of microfibrils of the S2 layer around 
the pit border region. The microfibrils of the S2 layer are arranged in a near parallel orientation in 
the unpitted area but sweep around the pit aperture in streamline pattern. They further emphasised 
that the S2 layer did not contribute to pit border elongation. A year later new theories on the early 
stages of bordered pit formation in P. radiata were proposed by Barnett & Harris (1975). They 
envisaged that the rearrangement of the primary wall into thin areas enclosed by rims was stimulated 
by some agent which penetrated the primary wall causing weakening of the attractive forces between 
cellulose microfibrils and/or between microfibrils and the matrix substance. They explained the 
observed birefringence as the result of centrifugal movement of wall material including a few 
microfibrils which became orientated in a roughly circular fashion around the affected area. Earlier, 
Young & Service (1971) had attributed the circular pattern to a slow moving viscous flow around a 
circular obstruction which was possibly the raised rim around the pit field. 
Booker (1989) proposed a new hypothesis to explain the characteristic appearance of aspirated 
pits in P. radiata. His "dynamic mechanism" theory incorporates many facets of currently accepted 
"static mechanism" theories of pit aspiration which involve a water filled tracheid on one side of the pit 
and air on the other side; during evaporation, the pit membrane is drawn towards the pit aperture of 
the water-filled tracheid. Booker postulated that the most important factor controlling pit aspiration 
is the maximum adhesion strength between liquid and cell wall rather than the surface tension of the 
liquid. 
The pitting between longitudinal tracheids and ray parenchyma is half bordered and the 
membrane of this type of pit pair lacks the central torus and is imperforate (Cote & Krahmer, 1962). 
Permeability, penetration and coating deposition will be discussed in ensuing chapters with reference 
to D. cupressinum, P. dacrydioides and P. radiata cell walls and pitting. 
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CHAPTER 4 
TRANSVERSE SECTION SURVEY OF EIGHT COATING SYSTEMS ON 
Dacrydium cupressinum, Podocarpus dacrydioides and Pinus radiata 
WEATHERBOARDS. 
4.1 X-RAY ANALYSIS OF PAINT/COATING AND WEATHERBOARD 
SUBSTRATES 
The basic principles of X-ray microanalysis in electron microscopy and sample preparation 
have been comprehensively described in the literature. Advantages and disadvantages of the various 
combinations of X-ray analytical systems and electron microscope types and the choice of analysis 
whether qualitative or quantitative; standard less or standardized; bulk, thick or ultrathin samples 
have been profusely discussed by Hall (1978); Chandler (1977, 1983); Nasir (1965); Robards (1978); 
van Steveninck (1978); Russ (1983); Roomans & Shelburne (1983); Qualitative X-ray analysis has 
proved very useful for the identification of the element constituents present in a sample. X-ray 
micro analysis is used to assist in solving biological problems, but the approach is somewhat different 
from that used for metal and mineral specimens because biological specimens consist of an organic 
matrix of elements (C, N, 0 and H). Elements with an atomic number lighter than ten are not 
detectable with conventional energy-dispersive detectors. 
X-ray analysis performed in this study was primarily used for the detection of key elements and 
to obtain qualitative information only. No attempt was made to produce biological standards for the 
material used as it was deemed unnecessary. Information on the location and distribution of these 
elements within wood tissue is important in the understanding of coatingfsubstrate relationships and 
hence great care was taken during sample preparation to avoid redistribution and loss of elements. 
This was most satisfactorally achieved using sections of oven dried wood that was not dehydrated 
through any graded series of solvent. Ryan (1986) in a study of radiata pine wood treated with metal 
containing preservatives stressed the importance of thin section preparation for X-ray analysis in the 
transmission electron microscope. Both bulk and ultrathin section analyses were performed in this 
study with the aid of the Cambridge and Jeol electron microscopes and EDAX and LINK X-ray 
systems. Operating conditions such as the distance of the X-ray detector from the specimen, the 
accelerating voltage; illuminating current, tilting angle of the specimen and X-ray acquisition time 
were held constant for each analysis. Both the scanning and the transmission electron microscopes 
were operated at the energy Ke V (see methods) most appropriate to each type of instrument, to allow 
for positive identification of certain possible overlapping k and I characteristic lines. Specially 
constructed graphite supports or holders were used to reduce the background radiation. 
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FIGURE 6 
EDXA SPECTRA OF THE DIFFERENT COATING TYPES 
A - GRAPHITE ROD SAMPLE SUPPORT HOLDER 
B - DULUX PRIMERCRYL 100% ACRYLIC w.b. 
C - EPIGLASS WATER BASED WOOD PRIMER w.b. 
o - TAUBMANS PREMIUM FAST COAT WOOD PRIMER w.b. 
E - DULUX WUNDERPRIME s.b. 
F - EPIGLASS 1st COAT WOOD PRIMER s.b 
G - EPIGLASS G.P.182 OIL BASED ALKYD PRIMER s.b. 
H - TAUBMANS WOOD PRIMER s.b. 
I - Ti02 TAGGED WATTVL ESTAPOL 
* see appendix 1 for spectral details of the elements 
detected in the coatings. 
The Cambridge Stereoscan 250 Mark 2 was used in 
conjunction with the Robinson backscatter detector and 
was equipped with an EDXA to identify the constituent 
elements. 
Replications were made using a JEOL JSM -35 SEM fitted 
with a LINK 290 EDXA. 
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Figure 6 shows the EDXA spectra of the eight coating types studied. Spectral details of the 
elements detected in the coatings are given in appendix 1. Key elements present in the three taxa are 
also provided. The element ratios were corrected for atomic number (Z), absorption (A) and 
fluorescence (F) effects (ZAF correction). The analytical datallreexpressed as intensity (counts per 
second), background (counts per second), peakjheight to background (P/B), ZAF corrections and 
weight percent element. The P /B ratios were not converted into weight percent since the P /B ratio to 
element concentration is essentially linear in thin sections (Russ, 1983 ). Analyses performed on the 
Cambridge and Jeol SEM systems are shown for comparison. 
In all the coatings analysed titanium dioxide is the dominant element. It is notable that when 
rutile-Ti02 is made into a pigment it is often coated with A~03 and Si02 to give improved 
performance, durability and dispersibility. For example, the manufacturer's grade used in tagging 
the Watty! Estapol coating was Du Pont Ti-Pure R902. Ten percent weight/weight of rutile-Ti02 
dispersion was added to the coating. This particular dispersion contains 61.6% Ti-Pure R902 which 
in turn contains a minimum of 91% rutile-Ti02. The percentage of Ti02 present in the primers is 
higher and the figures range from 12.5 to 22 percent. All the primers contain CaC03 in varying 
amounts and other extender pigments such as CaS04' BaS04 and a variety of silicates. These form 
the bulk of the remaining elements detected by X-ray analysis. Solvent thinned coatings contain the 
catalyst cobalt naphthenate which acts as a drier and this accounts for the Co detected. The paint 
manufacturers ofWattyl Estapol exterior clear alkyd (pers comm.) informed that this coating contains 
H, C, 0, Fe, Mg and smaller concentrations of Ca, Pb, Co, Mn, Cl, S and N but as pointed out earlier 
the X-ray detector's ability to detect all elements is limited. 
Bulk analysis only was carried out on the three weatherboard taxa. All possess the elements 
Al, Si, S, Cl, 1(, Ca, Fe and Zn in varying amounts. The presence of the metal-containing 
preservatives copper-chrome-arsenate (CCA) was detected in P. dacrydioides and P. radiata. 
Heartwood D. cupressinum is generally untreated, however preservative treatment of sapwood D. 
cupressinum is recommended by the wood preservation authority. 
4.2 VISCOSITY OF COATINGS 
The viscosity values of the eight coating systems studied are shown in Krebs Units (KU) in 
appendix 2. The ranges vary from 61-76 KU. Originally a KU value of around 100 was thought to 
correspond to good brushing properties of a house paint; but now days coatings are formulated to 
much lower KU values. (ASTM special pub.500,1972). 
Liquids which behave in the manner of water or raw linseed oil are referred to as Newtonian 
liquids because they exhibit Newtonian flow (Morgans, 1984). If a Newtonian liquid is pigmented 
then the presence of solid particles will increase the viscosity. Viscosity can also be increased on 
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storage due to adsorption by the pigments of certain molecular weight fractions of the polymer binder 
or by chemical reactions between an acidic medium and basic pigments such as certain grades of rutile 
Ti02. All coatings used in this study were freshly prepared products. Gray (1961) stated that 
coatings of lower viscosity are recommended for impermeable softwood species while high viscosity 
primers, which are thicker surface fIlm formers, are more suitable for permeable species. A 
thixotropic system is one in which a gel forms during the resting stage but when a stress is applied a 
fluid results and the system flows, but immediately after the stress is removed it reverts back to the gel 
state. In a flocculated system the pigment particles tend to form clusters after they have been 
dispersed. Flocculation in highly pigmented coatings is often accompanied by thixotropy and 
pseudoplastic flow (Morgans, ibid). The thixotropic index of Ti02 tagged Wattyl Estapol exterior 
clear is 1.01; hence it is almost Newtonian in viscosity. 
4.3 CONTACT ANGLES OF COATINGS 
Gray (1961) reviewed the thermodynamics of wetting and spreading of coatings on solids and 
concluded problems of adhesion are complex and difficult to reduce to quantitative terms. Surface 
tension is expressed as dynes/cm. With the aid of a horizontal microscope and goniometer eye piece, 
Gray measured the contact angles of glycerol and distilled water and the spreading property of 
selected coatings on a variety of timber species. Gray deduced that the critical surface tension for 
spreading is usually 42-45 dynes/cm for coatings compared to 62.8 and 72.8 dynes/cm for glycerol and 
distilled water. Mineral spirits has a surface tension of 24 dynes/cm (Pierce & Schoff, 1988). As 
the solvent evaporates from the coating, the coating surface tension increases because it is raised 
either by a higher rate of solvent evaporation from the edges or by conductive transport of the solvent-
rich material outwards from the coating interior. The advancing contact angle is the angle measured 
as the drop advances across the surface and is useful to explain the spreading behaviour of the coating. 
The advancing and receding behaviour of coatings was not studied, however fIXed (stationary) contact 
angles of the eight coating types on a glass substrate were measured. Glass was chosen because it is a 
uniform mounting mediutil(see method 2.13). 
The means, standard deviations and ranges are tabulated in appendix 3. The total range for 
the coatings was between 19-34 degrees and the range among means was 20-28 degrees. Pierce and 
Schoff (ibid) stated that in practice good wetting and adhesion of coatings occur when contact angle is 
low. 
The analysis of variance is shown in Table 1. The calculated F value of 7.59 for 'among 
coatings' is greater than the critical F values given in statistical tables for F 0.05 and F 0.01 (7,72), thus 
the null hypothesis is rejected. It is therefore concluded that there is significant difference 'among 
coatings' as statistics show that the samples come from populations with different means with a 
TABLE 1 
CONTACT ANGLES OF COATINGS ON A HORIZONTAL SURFACE 
(refer appendix 3) 
TABLE 1.1.1 ANALYSIS OF VARIANCE - ONE WAY ANOVA 
SOURCE 
AMONG 
COATINGS 
WITHIN 
TOTAL 
df 
7 
72 
79 
TABLE 1.1.2 . 
SS MS F P>F 
481.15 68.74 7.59 0.0001 
652.40 9.06 
1133.55 
DUNCAN'S NEW MULTIPLE RANGE FOR THE COMPARISON OF 
MEANS AT THE P=O.05 LEVEL. 
THE MEANS WHICH ARE NOT SIGNIFICANTLY DIFFERENT ( n.s ) ARE 
GROUPED TOGETHER. 
THE MEANS ARE RANKED FROM HIGHEST TO LOWEST. 
BRAND COATING DUNCAN GROUPING 
DULUX PRiMERCRYL100% ACRYLIC 
WATTYL TI02 TAGGED ESTAPOL EXTERIOR CLEAR 
PREMIUM FAST COAT WOOD PRIMER n.s. TAUBMANS 
In", 
DULUX WUNDERPRIME 
EPIGLASS WATER BASED WOOD PRIMER 
TAUBMANS WOOD PRIMER I n.s. 
EPIGLASS G.P.1B2 OILBASED ALKYD PRIMER I n.S 
EPIGLASS FIRST COAT WOOD PRIMER 
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probability of obtaining such an F value by chance alone of 0.0001. The term 'among' in statistical 
packages is often referred to as 'treatment' and the term 'within' is synonymous with 'error or 
individuals' (Larkin, 1979). 
Duncan's New Multiple Range test for the comparison of means is shown in Table 1.1.2. 
After ranking the means, this statistical treatment suggests that the contact angles of Dulux primercryl 
100% acrylic, Ti02 tagged Wattyl Estapol, Taubmans premium fast coat wood primer, Dulux 
wnnderprime and Epiglass waterbased wood primer are not significantly different at the P=O.05Ievel. 
By contrast, Taubmans wood primer, Epiglass G.P.182 oil based alkyd primer and Epiglass 1st coat 
wood primer are shown as significantly different. Epiglass 1st coat wood primer has the lowest mean 
contact angle. These results do not uphold microscope evidence that Ti02 tagged Wattyl Estapol 
exhibits deeper penetration than the primers. If contact angle alone controlled penetration depth, 
then the Ti02 tagged Wattyl Estapol would be singled out in these statistical tests but as it does not, 
some other feature must also be involved. 
This chapter deals with preliminary observations of coating/ substrate interaction prior to 
degradation. The degree of penetration, effect of growth ring boundaries, 
springwood/summerwood variation, taxa control and the type of penetration is discussed here for each 
coating type. The concluding discussion of this section briefly reviews theories on the subject. To 
avoid repetitive descriptions of the coating/ substrate ultrastructure the topics of permeability, 
penetration, diffusion and the role of the cell wall and pit membranes will be discussed in greater 
detail in the following chapter which is devoted to the study of just one of the coating systems selected 
from this survey. 
Different methods of sample preparation and cutting techniques were employed to ascertain 
whether techniques can interfere with the coating. To prevent redistribution of elements, dry wood 
was preferred, although it is more difficult to section. Specimens analysed by X-ray techniques were 
not stained whereas those used in ultrastructural studies required staining. 
Micrograph quality is controlled by the nature of each investigation. For example, to obtain 
backscattered images, the specimens are not gold/palladium coated but carbon coated, which means 
less distinct images results. 
It was noted that in unembedded sections, coating-filled cells retained their shapes during 
sectioning whilst those with empty lumens were distorted easily. 
4.4 DULUX PRIMERCRYL 100% ACRYLIC COATED WEATHERBOARDS 
Figures 7 to 14 contain a selection of light micrographs, electron micrographs and X-ray maps 
which qualitatively demonstrate the position and location of the water based primer on D. cupressinum, 
P. dacrydioides and P. radiata weatherboards. 
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FIGURE 7 <T . F . / T . S .) RI MU COATED WITH 
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FIGURE 9 eT.S.). KAHIKATEA COATED WIn; 
DULUX PRIMERCRYL 100~ ACRYLIC (w.b.) . 
A Cupr sso"d cross-field pits b twc n tr ch id 
and r<ly p rcnchyma. (TEM ) • 
B D(·L..nl of ( i (j.l\. ()..lrlywo cl) . 
l!oLl' L!i' bord n. Ovt'T<.lchinq tiw simp l pit m ml> 1Ilt' • • 
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• 
• • 
(T.F./T.S.). P rad! r COATED WITH 
DULUX PRIMERCRYL 100% ACRYLIC ( w.b.). 
A Toludln BJu 11 In dun mb dd d, cllon.(LM). 
B E.rlywood. (8SEI/Se .1). 
C Ultrl Ihln,un lain d Ircllo" of co llng I 
Irach id w lIlnt rl clal r glon. (STEM). 
D Cor, ponding EDXA I m nl (TI K) x·,ay m p 
lor C. 
4.0 
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FIGURE 12 
42 
bT.S.). P.radiata COATED WITH ULUX PRIMERCRYL 100% ACRYLIC (w.b.). 
A & B Uhrl-thln, uranyl le .. te - I d eltrate 
Iwlned, Spun'l r Iln mbedded ct/onl Ihawlng 
coating I trlch Id wall Interf.c . (TEM). 
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The backscattered electron images in figures 7, 8 and 11 indicate that in most cases coating 
penetration is limited to one or two cell rows deep; and occasionally three cells deep in the early 
springwood zone. Penetration into the lumen of the latewood is almost non existent and the coating 
appears to be locked only into those cells opened by machining. Some evidence of flow along ray 
cells exists as indicated in the Toluidine stained unembedded section in figure 11 (A). 
Although weatherboards are either sold as flat sawn or quarter sawn boards; when the surface 
is examined under the microscope the terms flat and quarter sawn are no longer suitable. At the 
cellular level, tracheid rows often appear oblique to the tangential or radial direction of cut and the 
intertracheid pits are presented to the board surface in a variety of angular positions. 
The ultrathin sections and their corresponding EDXA element maps for titanium presented in 
figures 7, 8 and 11 provide evidence that the titanium particles are too large to penetrate the cell walls. 
However they exhibit a tendency to line the cell lumen and congregate along any irregularities present 
in the S3layer of the cell wall; in particular in the vicinity of warts (refer figures 11, 12 and 13). All 
types of pit membrane present in the three taxa appear to act as barriers to titanium particle 
movement. The intertracheid aspirated pits containing a torus and margo and the simple pit 
membranes between ray parenchyma and tracheid cells depicted in figures 9 and 10 illustrate this 
phenomenDn, 
4.5 EPIGLASS WATER BASED WOOD PRIMER COATED 
WEATHERBOARDS 
Figures 15 to 18 illustrate the coating behaviour of Epiglass water based primer on D. 
cupressinum, P. dacrydioides and P. radiata weatherboards. 
Cell lumen penetration is restricted to one to three cells deep. The particle size of the 
pigments present in this coating is greater and the very coarse texture is visible in figures 15 (B), 16 (A) 
and 17 (A). This coating contains the greatest percentage of titanium compared with the other 
coating systems. The titanium particles appear abrasive on the S2 layer of the cell wall (figure 15 
[DD· 
The distribution of individual titanium particles is denser in this acrylic co-polymer water based 
primer (figure 18 [AD than in the Dulux primercryll00% acrylic primer. 
The wood of P. radiata is softer than that of the two endemic taxa and the earlywood prone to 
distortion during machining (figure 17 [AD. Once the cells have been burred, lumen penetration is 
prevented. Note the empty ray cells which have been 'sealed' over. Frequently the S3 layer of the 
cell wall is destroyed during machining and the S2 layer is exposed to the coating fIlm. Although the 
linear distribution of tiny particles along the S2 wall is easily distinguished under the electron 
microscope the X-ray was unable to identify the elements (figure 18 [BD. 
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FIGURE 17 eT.F. / T.S.l RADIATA PIN COATED WITH 
EPIGLASS WATER BASED WOOD PR IMER. 
A Earlywood . (BSCI / S M ) . 
B &. Ullr -t.hin, lIGlnyl Lle t<1t - 1 cl citraL Dt in d 
~rurr ' s r~ in rob dd d scclion n ~howinq co. tinl / 
Lr ch ·id w 11 int r[ j,l r qion . 
t.c lhl' runt!(' of pi m nl: '" i:: ". ( 'IT I ) . 
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FT GURE 18 ( T . S . ) . RADIATA PINE COATED WITH EP IGLASS WATER BASED WOOD PRIM £R. 
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4.6 TAUBMANS PREMIUM FAST COAT WOOD PRIMER COATED 
WEATHERBOARDS 
Figures 19 to 21 show that like the other two water based primers this oil modified water based 
primer exhibits similar coatingfsubstrate relationships on D. cupressinum, P. dacrydioides andP. 
radiata weatherboards. Penetration is one to three cells deep; influenced by machining quality and 
wood density. 
The cell corner middle lamella region depicted in figure 20 [A] was ruptured during machining 
to expose the primary wall and intercellular region. 
The titanium particles are easily identified but the X-ray was unable to detect the band of tiny 
particles seen at the lower left portion of this unstained section of P. dacrydioides. Given the 
opportunity to travel along ray cells the coating has the potential to move long distances. Figures 21 
[B] and [C] shows several coating filled ray cells traversing earlyflatewood boundaries and the 
epithelial cell region surrounding a resin canal. 
In, summary these three water based primers essentially show similar behavioural trends on 
the three weatherboard substrates although they are formulated by different paint manufacturers. 
4.7 DULUXWUNDERPRIME COATED WEATHERBOARDS 
Figures 22 to 26 depict the coatingf substrate interface of D. cupressinum, P. dacrydioides and P. 
radiata weatherboards. 
Penetration depth is one to two cells deep but occasionally three cells deep in the earlywood 
zone. The distance of ray parenchyma penetration in P. radiata is further than that for the two 
endemic taxa (figure 24 [A] and [BD. 
The layered structure of the secondary cell wall is clearly delineated in figures 22 [D], 23 [F], 24 
[C] and 26 rAJ and there is no visual evidence of coating penetration into the unstained cell walls. 
The growth rings ofP. dacrydioides are very narrow (figure 23 [A] - [CD and the coating 
appears to bridge over the thick walled smalllumened latewood tracheids and fill the partly opened 
large thin walled earlywood tracheids. 
Stained sections viewed at very high magnifications reveal the presence of tiny particles lining 
the S3 wall layer inP. radiata (figures 24 [D], [E] and 25). These particles were too small to be 
identified by X-ray but are too large to be artifacts of staining so presumably are other extender 
pigments present in this oil based alkyd primer. 
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(T.F.fT.S.). D.cupressinum COATED WITH 
TAUBMANs PREMIUM FAST COAT WOOD PRIMER 
A Note the partly filled lumens nd coating in 
th chamber8 of the bordered pit .(BSEI/SEM). 
B Uhra-thin, ur nyl acetate - Ie d citr te tained, 
Spurr' r In mb dded S clions howing 
coating / tracheid wallinteriace. (rEM). 
50 
51 
(T.F./T.S.). P.radiata COATED WITH 
TAUBMANS PREMIUM FAST COAT WOOD PRIMER.( w.b.} 
A Toluidine Blue stained unembedd d section . 
through e rlywood - I t wood. ( LM ). 
B & C Note the growth ring bound ry nd 
re In c n I. ( aSEI / SEM ) 
o Ultr -thin ction through the costing.(TEM). 
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1 
CIr:Jl1r11L_- 2 
(T.F./T.S.). 0 cupre smum COATED WITH 
DULUX WUNDEAPRIME. { S.b.}. 
A & e Co ling I lub,lrl' Inlerf ee. 
( Flg.A. del 11 01 e.) (eSE'1 SEM ). 
e Toluldlnl Blue Itlln d unembeddcd IClclion 
through lriywood. ( LM ). 
D Ultrl·,h n. unit In d. Cl Ion 01 co 'ing / 
trlch Id Will 1nl nlC . ( STEM ). 
E Corr .. pondlng EDXA 1I men! (TI-K) x-rlV 
STEM 
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(T.F./T.S.). P.dacrydioldes COATED WITH 
DULUX WUNDERPRIME. ( s.b.). 
A, B & C Sections through leveral growth rings. 
(BSEI / SEM) 
D & C Earlywood and IBtewood details of 
fig .C. ( BSEI / SEM ) 
F Ultra-thin, urenyl leetate - I ad eilret 
,talned, Spurr" re,ln embedded. etlon through 
Idj cent trlch Iry .Iement, .howlng full nd 
mpty celllumenl. ( TEM ). 
G Sup rlmpolect EDXA.I ment (Tl-K) x~y map 
on In un.talned ultrl-thln 'Ictlon Ihowlng th 
coating / \rlcheld cell walllnt rflel. ( STEM ), 
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O . 2 ,.urn 
(T.F./T.S.). P.radiata COATED WITH 
DULUX WUNDERPRIME. ( s.b.). 
A Earlywood. ( 8SEI / SEM ). 
B Toluidine Blue stained, unembedded section 
through earlywood. ( LM ). 
e Superimposed EDXA element ( Ti-K ) x-ray map on 
unstained ultra-thin sect on showing the 
relationship between coating and tracheid 
cell wall ( STEM ). 
o & E Ultra-thin, uranyl acetate· le d citrate 
talned, Spurr', re In mb dded sections 
showing coating / tracheid walllnterface.(TEM). 
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(T.S.) P.radiata COATED WITH 
DULUX WUNDERPRIME. (s.b.) . 
A & B Ultra-thIn, ur nyl cet te -I ad citr t 
lined ectlon. Co ting / tracheld interface (TEM) 
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FI GUR E 26 (T.S. ) RADIATA PINE COATED WITH 
DULUX WUND ERPR I ME. ( s . b. ) 
A Ultr - thin , un stain d s ction t h r ough c o ting 
nd lracheid cel l walls . 
Note the u rimpoaed (Ti-K ) X-r y map . ( STE 1 ) . 
o c.:o r !;ponding EDXr.. cl ment ( 'ri-K) X-ray m;\p 
fur riq . J\ . (STI·: r·1 ). 
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4.8 EPIGLASS 1st COAT WOOD PRIMER ON WEATHERBOARDS 
Figures 27 to 29 show gross penetration of this long oil alkyd primer into cell lumens of D. 
cupressinum, P. dacrydioides and P. radiata weatherboards. 
Penetration is typically one to two cells deep but three cells have been recorded. 
The extent of ray parenchyma penetration is minimal; being only as deep inwards as the third 
tracheid cell when viewed in transverse section. The simple pit membrane between ray parenchyma 
and tracheid cells prevents coating migration through the pits when it lies in the median position as in 
figure 27 [D] or has deflected to one side as in figure 28 [B] and [C). The titanium particles abut the 
membrane but the mechanical action is not strong enough to rupture the membrane. 
4.9 EPIGLASS G.P.182 OIL BASED ALKYD PRIMER ON WEATHERBOARDS 
Figures 30 to 35 illustrate coating behaviour in the vicinity of bordered pits which occur in close 
proximity to the machined surfaces of D. cupressinum, P. dacrydioides and P. radiata. 
Frequently the coating fills adjacent tracheid cell lumens and the pit chambers between (figures 
30 [B], 34 [B] & [C) and 35). Often the coating appears to have burst through the pits but its flow 
was halted at some stage (figures 32 [C) & [D] and 33 [A)). Remnants of the pit membrane torn by 
machining may delay or arrest coating movement into surrounding cells. The pit membrane between 
ray parenchyma and tracheid cells is uniform and lacks the delicate structure of the margo (figure 30 
[C)). Coating entry is also facilitated through fissures (figure 34 [A)). 
4.10 TAUBMANS WOOD PRIMER ON WEATHERBOARDS 
Figures 36 to 38 confirm the limited degree of penetration of this oil based primer on D. 
cupressinum, P. dacrydioides andP. radiata substrates. 
Penetration is restricted to one or two cells deep and the behaviour of this coating is very 
similar to the other oil based solvent thinned primers previously reviewed. The bulk of the 
penetration is confmed to the larger earlywood cell lumens opened bymachlning (figures 36 [A]-[C) 
and 37 [A] & [B)). As noted earlier with reference to the other primers, ray parenchyma penetration 
is greatest in P. radiata (figure 38). 
The ultrathin sections reveal densely packed coating particles filling the cell lumens. X-ray 
maps for elements present in the coating showed no difference in particle distribution in earlywood and 
latewood cell lumens. 
In summary, with the exception of all primers penetrating rays in P. radiata more deeply than 
in the podocarps, penetration behaviour showed negligible differences among taxa. 
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(T.F./T.S.). D.cupressinum COATED WITH 
EPIGLASS 1st COAT WOOD PRIMER. (s.b.) . 
A Latewood - earlywood. ( BSEI / SEM ). 
B Detail of fig.A. ( BSEI / SEM ). 
C Highly magnified TItanium ~rticle. (TEM ). 
D Cupressold cross-field pits between tracheid 
and ray parenchyma. Note the border overarching 
the aim pie pit membrane and the coated and 
uncoated regions (arrowed). (TEM) 
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FIGURE 29 (T.S./ T.F.) P.radiata COATED WITH 
EPIGLASS 1st COAT WOOD PRIMERw 
FIGURE 30 (T.F./ T.S.) D.cupressinum COATED WITH 
EPIGLASS G.P. 182 OIL BASED ALKYD PRIMER (s.b). 
A Nole th bord red pit p r b Iw en Ir che ry 
rem nt . ( BSEI / SE ) 
B Sup rimpo d EDXA I m nt ( Tl· K ) x r y m p 
on n ultr ·thin ectlon of bord r d pit P ir.(S EM) 
C Cupr 0 d ero -fi fd pit b tw n r y 
p r nchym cell nd tr: ch id c II. 
o Corre po ding EDXA m p ( 11 K) for ft .B. 
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FIGURE 31 
A, B c 
(T.S.) RIMU COATED WITH EP I GLASS G. P . 
182 OIL BASED ALKYD PRIMER. ( . b . ) . 
Incr ing m gn1fic tion of co ting / 
p bord r nu m mbrun int rf c . ( TEM 
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FIGURE 32 (T.F.I T.S.) P.dacrydioides COATED WITH 
EPIGLASS G.P. 182 OIL BASED ALKYD PRIMER (s.b). 
A Note th Intertracheid pit . ( BSEI/ SEM ) 
B Ultr thIn, uranyl acetate -lead citrate t in d 
8mb ded ctlon through coatin / wall Interface. 
C & D Suprimpos d EDXA I m nt x-ray m p of CCA 
tr led wood. Un taln ection howing intertracheld 
pits. Fig.C - Ar nic (AS-K); Ii .0 - Chrom (Cr-K).(STEM). 
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FIGURE 33 ( T.F./ T.S.) P.dacrydioides COATED WITH 
EPIGLASS G.P.182 OIL BASED ALKYD PRIMER (S.b) . 
A Sup mpo ed EOXA el m nt (T -K) x-r y map hawing 
th lot rf c b tw n coaling nd intertr cheld pit. 
B Corr pondlng EDXA I m nt -K) x-r y map 
for f .A. ( STEM ). 
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FIGURE 34 (T.F./ T.S.) P.radiata COATED WITH 
EPIGLASS G.P.182 OIL BASED ALKYD PRIMER.( s.b.) 
A M chined urf ce of latewood cells.( BSEI/SEM ) 
B & C Sup rimpo eel EDXA element x-ray map of CCA treated 
wood. Unst ined ection. Intertr cheid bordered pits. 
Flg.B - Ar enle (A -K); fig.C - Chrome (Cr-K). (STEM). 
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FIGURE 35 (T.F./ T.S.) P.radiata COATED WITH 
EPIGLASS G.P.182 OIL BASED ALKYD PRIMER.( s.b.} 
A Superimposed EDXA I ment (Tl-K) X-fi Y m P on 
ultra-thin, unstained. cllon trough Int rtrIche d 
border pltl. 
B Corr spondlng EDXA I m nt (T K) x flY map 
fO( fig.A. ( STEM ). 
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FIGURE 36 (T.F./ T.S.) D.cupresslnum COATED WITH 
TAUBMANS WOOD PRIMER. (s.b.) 
A Growth ring boundary. ( BSEI / SEM ). 
B & C Toluidine Blu ltalned, unembedded sections (lM) . 
o & E Ultt -thin, uranyl ac tate - lead crir te stained 
Spurr', re.ln embedded latewood, cUonl ,howlng the 
coating / trach,ld wall Interfacial region. (STEM ). 
F Correlpondlng EDXA element (TIK) x-ray map ror flg.E. (STEM). 
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FIGURE 37 ( T.F./ T.S.) P.dacrydioides COATED WITH 
TAUBMANS WOOD PRIMER. ( sob.) 
A & B Growth rin nd growth rang bound ri . (BSEI/SE 
C A tit nium pigment p rtlcle highly m gnified.(TEM). 
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FIGURE 38 (T.F./ T.S.) P.radi I COATED WITH 
TAUB ANS WOOD PRIMER. ( .b.) 
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It is notable that the drying times of the solvent based primers increase from one to three 
hours respectively in the order described in this survey. Visually drying time does not appear to 
control the degree of gross penetration. 
4.11 Ti02 TAGGED WATTYL ESTAPOL ON WEATHERBOARDS 
Micrographic evidence (figures 39 to 44) revealed that this pigmented alkyd behaved differently 
to the primers. In contrast to the minimal penetration exhibited by the primers, this coating 
travelled into the wood several millimetres. In bothD. cllpressillllm andP. dacrydioides there were 
cases of up to twenty-seven filled cells in certain boards. Chapter 5 has more detailed discussions of 
the results of a quantitative study of coating penetration. Figures 41 [A] and 43 [B] are typical 
examples illustrating the extent of coating penetration. Highly magnified unstained ultrathin sections 
provided evidence that the large pigment particles were contained in the cell lumens. X-ray maps of 
the Ti-K elements were superimposed on the electron images to confrrm observations. 
Pit aspiration is an irreversible process; once the pit membrane is deflected, movement of 
material between two tracheid cells is blocked (figure 39 [BD. In:} ~ally the centrally thickened torus 
and delicate margo are suspended in the middle position between the pit-pair (figure 42). These 
ultra-thin stained sections through bordered pit-pairs ofP. dacrydioides show fme deposits lining and 
adhering to both the pit membrane and the border rims. The swollen torus in figure 42 [A] and [Bl is 
unusual. Compare it to the typical torus magnified in figure 42 [C]-[E]. 
The presence of large titanium particles separated by the pit membrane suggest that the 
adjacent tracheids were filled by two separate flow paths. A similar interpretation can be postulated 
for the coating filled ray parenchyma and tracheid cells featured in figures 39 [C] and 40 [C]-[E]. 
Deposits of smaller particles lining the S3 layer of the tracheid cell walls, although faintly visible in 
unembedded cells, are more readily seen in the stained highly magnified sections in figure 41 [C] and 
[D] and figure 44. These deposits have remained intact and were not dragged across the section 
during microtoming. 
4.12 DISCUSSION 
This survey showed that machining is influential on surface and sub-surface damage to cells and 
paint locking ability. Grit size and wood structure and density are more important factors controlling 
the depth and type of damage than depth of planing and feed speed (Murmanis et al , 1986 and Young, 
1988). Rougher surfaces offer greater surface area for coating attachment than well planed surfaces 
with minimal coating adhesion. Mirams (1965) detected paint holding problems in highly planed 
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FIGURE 39 
( T.F./T.S.) D cup, Inum RI MU COATED WITH 
TAGGED WATTVL ESTAPO . 
Earlywood (SEM). 
B.& C. Ultrl-Ihln, unllllned .. cllon ot Ihe 
cOIling Iltlcheld Ind rlY will Inl.rI,e •. 
Nol. Ihe liP rll d p I membran • . (STEM) 
D. CO" Ipondlng EDXA elemenl ( TI • K ) 
X-rIY mlp of C. 
72 
(T.F./ T.S.) D.cupresslnum RIMU COATED WITH Ti02 TAGGED WATTVL ESTAPOL. 
trach d nd r y 
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FIGURE 41 
(T.F./T.S.) P.dacrydioides KAHIKATEA COATED WITH 
TI02 TAGGED WATTYL ESTAPOL • 
A. Earlywood. (SEM). 
B. (T.F./T.L.F.) Earlywood. (SEM). 
C. & D. Ultra-thin, uranyl acetate-lead cltrate stained 
Spurr's resin embedded sections showing coating / 
tracheld wall Interface. 
74 
75 
FIGURE .&3 
( T.F.j T.S.) "p .radiala COATED WITH TiO? TAGGED 
WATTYL ESTAPOL . 
A. Earlywood (SEM) 
B. Note the coating filled ray cell and adjacent trachelds. 
Toluidine blue stained unembedded section. (L M) 
C. &. D Ultra-thin, unstained sections of coating filled 
tracheld lumens. (STEM). 
E. C nding EDXA element (Ti-K) Xray map of Fig .D. (STEM) 
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(T.S.) P.radlata COATED WITH TI02 TAGGED 
WATTYL ESTAPOL • 
A" C. & D. Ultra-thin. uranyl acetat load cltra, atalnOO, Spurr's 
r .'n emb ded. ctlon •• howlng coating I trichoid wall 
Interllce. (TEM). 
B. nUled tllInlum particle •. (TEM). 
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boards. According to Feist (1984) the improved performance observed for rough sawn timber was 
due to better mechanical adhesion of the fInish and the presence of more fmish in the wood. 
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In many cases, particularly exemplifIed by the primers, coating penetration is limited to one to 
two cell rows deep which were either opened by machining or to the length of that portion of a tracheid 
which due to the slope of the grain ran from the surface into the wood. Fractures produced by 
machining open up crevi ces and aid coating penetration. All of the upper rows of cell lumens ftlled 
with coating would have emerged at some point on the surface of the substrate to form tubes for the 
conduction of liquids from the surface into the wood. When painting weatherboards, the coating is 
usually applied approximately parallel to the long axis of the cells. The transverse ends of 
weatherboards pose a different problem and are not dealt with in this study. 
Quarter sawn boards are regarded as more stable than flat sawn boards because in the latter 
type the transition between spring and summerwood is more e.lCfOS ed and timber shrinks less in the 
radial direction. The early /latewood bands in both D. cupressinum and P. dacrydioides are indistinct 
but inP. radiata the growth rings are much broader. The wider, less dense springwood is capable of 
absorbing the coating to a greater degree than the narrower denser summerwood. In softwoods the 
volume of springwood may be as high as 80% of the air space (Miniutti, 1963). Fresh coating usually 
adheres fIrmly to both spring and summerwood but with age the weak zones will become apparent. 
If the summerwood bands are sufficiently narrow it is possible for the coating to remain spanned 
across. The summerwood cells have smaller lumens and expansion is greater in these thicker walled 
tracheids. Most movement occurs at the growth ring boundary. Miniutti (ibid) noted that more 
problems were encountered on the pith side of flat sawn boards which is the side of lowest density and 
that cell size decreases downwards when viewed in cross-section. Blakeney (1979) concluded that the 
denser the wood the poorer the paintability. Within a species, some weatherboards are superior to 
others. 
It is known that the lower the viscosity; the lower the molecular weight but viscosity alone does 
not control paint ability and substrate penetration. For example, the water based primer with the 
lowest viscosity value (Dulux primercryl100% acrylic) did not behave differently to the Epiglass and 
Taubmans water based primers which are the most viscous primers studied here, indicating other 
factors are involved. Sinclair and Chamberlain (1959), and Sinclair (1962) deduced that the 
spreading rate of priming paints was not signiftcantly different on treated and untreatedP. radiata. 
On the whole there is diverse opinion whether treated timber is amenable to painting. P. 
radiata is more easily treated than D. cupressinum and P. dacrydioides because the latter two wood 
species are less permeable (McQuire et aI., 1979). Diffusion treatment of weatherboards with boron 
compounds may result in the migratiqn out of some preservative salts"bnto the board surface of certain 
timber species (Mirams, 1965). However, Plackett and Blackeney (1987) reported that boron salts 
do not present painting problems. Sinclair (1965) pointed out that some water repellent treatments 
were capable of promoting adhesion problems. Blackeney (1979) remarked that certain oil-based 
preservatives such as creosote or pentachlorophenol in oil solution impair paint adhesion but by 
contrast the copper-chrome-arsenate preservatives (Celure and Tanalith) actually improve adhesion. 
Light organic solvent preservative (LOSP) treated wood can be painted (Plackett and Blackeney, 1987). 
It is well known that coatings do not adhere well to wet wood. The wood used in this study 
was dried to the average moisture content specified in the N.Z.Standards N.Z.S. 3602 : 1975. Water 
in wood is in two forms-free water that entirely or partly fills the cell cavities or bound water which is 
held within the cell wall structure. The permeability of wood depends on the ease with which fluids 
pass through under an applied pressure gradient and strongly affects the ease of preservation 
(Kininmonth and Williams, 1972). P. radiata is extremely permeable to moisture and i'i 
dimensionally unstable (Mills and McQuire, 1976). The variation in wood density of P. radiata 
throughout New Zealand is marked and thus influential in preservative retention (McQuire, 1975; 
McQuire et al., 1975). 
X-ray maps were used in this study to provide supplementary qualitative information on the 
presence and location of copper-chromium-arsenic in ultrathin sections through P. radiata and P. 
dacrydioides tracheid walls. In order to elucidate whether these metal elements in the preservative 
are distributed throughout the cell wall or line the tracheid lumen walls and interfere with coating 
penetration, the X-ray maps were superimposed onto the electron images. The X-ray maps in figure 
32 [C] & [D] and figure 34 [B) & [C] suggest a uniform distribution of the elements, but a detailed 
quantitative examination involving electron microprobe and spot analysis at high magnifications would 
really be required to confirm visual observations. Althongh this is beyond the scope of this study, the 
observations by other workers in pine and larch are worth outlining here. 
Ryan (1986) observed deposits of C C A lining the lumen of P. radiata tracheids and Chou et al 
(1973) found that the inner face of the tracheid wall of Scots pine was covered by a 20-30,iUm thick 
layer containing all the preservative elements at high concentration. In a comprehensive study of the 
microdistribution of CCA in the walls of tracheids impregnated with Tanalith C, Chou et al were able 
to discern fme deposits throughout the S2 layer of the cell wall. The morphology of these deposits 
was clearly dictated by the orientation of the cellulose microfibrils. Electron dense zones alternated 
with clear regions. The dense lines were discontinuous and apparently composed of discrete particles. 
From this it was inferred that the wood cellulose contains both crystalline regions impenetrable to 
metal ions and non-crystalline penetrable areas. They deduced that the surface of each cellulose 
microfibril in the secondary wall was coated by a 1.5-20 urn thick layer of the metallic deposit. 
With the aid of SEM/EDXA, Desai and Cote (1976) were able to characterize the location of 
components of water-based preservatives; primarily ammoniacal zinc salt solutions. They believed 
that once the free ammonia had evaporated the zinc-amine complex could break down and zinc oxide 
would precipitate from the system. Eventually some zinc would diffuse into the cell wall as a solu ble 
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amine complex. Morphological studies on the movement of preservatives into the cell wall, in 
particular the diffusion of copper, zinc and chromium compounds was carried out by Yata et al (1978, 
1979. 1981, 1982 & 1983). In a cell wall the intercellular and primary layer and the 81/82 boundary 
were the most permeable layers. They found that the copper concentration was ten times greater in 
the intercellular and primary layer than in the 82 layer of the wall. Electron micrographs of ultrathin 
transverse sections of pre-cut cell walls of larch were used to demonstrate the permeability of various 
parts of the cell wall. Yata et al (1981) deduced that the diffusion depth of zinc ions into the exposed 
cut ends of the multilayered cell walls was uneven and always two to five times longer than that across 
the cell wall inwards from the lumen. A year later Yata et al (1982) produced convincing evidence 
that hexavalent chromium compounds used in water-borne preservatives were distributed throughout 
the cell walls of all cell types. They used electron micrographs to demonstrate the sequence of 
diffusion in both hardwood and softwood species including larch. Their results showed that the 
chromium concentration in the intercellular and primary layer was higher than that in the secondary 
wall. Chromium remained in the wall without reacting with cell wall constituents. Orientation of 
the chromium compounds conformed to the orientation of cellulose microfibrils of the secondary wall. 
Their conclusion that chromium was deposited on the surface of microfibril crystalline cores and in the 
encrusting materials between the microfibrils is in agreement with the findings of Chou et al (1973) for 
CCA. 
To conclude, this survey singled out one particular coating system which showed exceptional 
penetration of the substrate. The remainder of this thesis investigates the observed behaviour of the 
Ti02 tagged Wattyl Estapol alkyd coating. 
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CHAPTER 5 
DETAILED STUDY OF Ti02 TAGGED WATTYL ESTAPOL ON TRANSVERSE, 
TANGENTIAL AND RADIAL SECTIONS OF D.cupressinum, P.dacrydioides 
AND P.radiata WEATHERBOARDS 
5.1 DEPTH OF COATING PENETRATION IN "u" AND "n"-TYPE BOARDS. 
In order to obtain a complete picture of the diverse nature of this coating, on different cuts of 
weatherboard representing the three taxa, six sets of photographs are presented. Figures 45 to 50 
represent typical examples of the coating on the two main types of cut. They are referred to here as 
"u"-type or "n"-type depending on whether the pith or bark side is exposed to the coating. 
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The depth of coating penetration was quantitatively determined across the entire transverse 
face of each weatherboard by counting the number of filled cells along rows of tracheids inwards from 
the coating/substrate interface. The values are tabulated in appendix 4. Statistical analyses (Sokal 
and Rohlf, 1981) were performed on the results in order to determine whether there was: 
(i) any variation among taxa regardless of cut 
(ii) any difference among the three taxa exhibiting the 
"u"-type cut 
(ill) any difference among the three taxa exhibiting the 
"n"-type cut 
(iv) any difference within each taxon along the 14 cm 
interval for both "u"_type and "n"-type cuts. 
The Minitab (State College D.S.A., 1987 version) and SAS (Sas Institute Inc. D.S.A., 1987 
version) packages for statistical analyses were used in conjunction with the IBM and DNISYS 
computer systems. 
A one way analysis of variance (ANOVA) was chosen to estimate the variance of the taxa 
means about the grand mean and the variance of individual measurements about their means. The 
term 'among' is synonymous with 'treatment and effects'of statistical packages and the term 'within' 
may also be called 'error or individuals'. 
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FIGURE 45.1 
A cross-section showing a "U"_type growth ring pattern cut through 
a Dacrydlum cupressinum (rimu) weatherboard coated with Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures 45.2 to 45.5 depict the sequence from left to 
right in an enlarged form. 
"Left" and "righf' refer to the edges of the weatherboard as 
presented in 'figure 45.1, and the white spots lettered a to n are 
reference markers to facilitate matching positions on figure 45.1 
with figures 45.2 to 45.5. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig 45.2 
fig 45.3 
fig 45.4 
fig 45.5 
-left edge 
-top edge 
-top edge 
- right edge 
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FIGURE 46.1 
A cross-section showing a "n"-type growth ring pattern cut through 
a Dacrydium cupressinum (rimu) weatherboard coated with Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures 46.2 to 46.4 depict the sequence from left to 
right in an enlarged form. 
"Left" and "right" refer to the edges of the weatherboard as 
presented in figure 46.1, and the white spots lettered a to k are 
reference markers to facilitate matching positions on figure 46.1 
with figures 46.2 to 46.4. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig 46.2 
fig 46.3 
fig 46.4 
-left edge 
-top edge 
- right edge 
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FIGURE 47.1 
A cross-section showing a "U"-type growth ring pattern cut through 
a Podocarpus dacrydioides (kahikatea) weatherboard coated with 
Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures 47.2 to 47.6 depict the sequence from left to 
right in an enlarged form. 
"Left" and "right" refer to the edges of the weatherboard as 
presented in fjgure 47.1, and the white spots lettered a to pare 
reference markers to facilitate matching positions on figure 47.1 
with figures 47.2 to 47.6. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig 47.2 
fig 47.3 
fig 47.4 
fig 47.5 
fig 47.6 
-left edge 
-top edge 
-top edge 
-top edge 
- right edge 
Podocarpus dacrydioides 





FIGURE 48.1 
A cross-section showing a "n"-type growth ring pattern cut through 
a Podocarpus dacrydioides (kahikatea) weatherboard coated with 
Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures 48.2 to 48.5 depict the sequence from left to 
right in an enlarged form. 
"Left" and "right" refer to the edges of the weatherboard as 
presented in figure 48.1, and the white spots lettered a to k are 
reference markers to facilitate matching positions on figure 48.1 
with figures 48.2 to 48.5. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig 48.2 
fig 48.3 
fig 48.4 
fig 48.5 
-left edge 
- top edge 
- top edge 
- right edge 
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FIGURE 49.1 
A cross-section showing a "U"-type growth ring pattern cut through 
a Pinus radiata (radiata pine) weatherboard coated with Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures 49.2 to 49.5 depict the sequence 'from left to 
right in an enlarged form. 
"Left" and "righf' refer to the edges of the weatherboard as 
presented in figure 49.1, and the white spots lettered a to j are 
reference markers to facilitate matching positions on figure 49.1 
with figures 49.2 to 49.5. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig 49.2 
fig 49.3 
fig 49.4 
fig 49.5 
-left edge 
• top edge 
• top edge 
- right edge 
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FIGURE SO.1 
A cross-section showing a "n"-type growth ring pattern cut through 
a Pinus radiata (radiata pine) weatherboard coated with Ti02 tagged Wattyl Estapol Exterior Clear. 
The entire length of this weatherboard section was photographed 
under the S E M and the individual micrographs pieced together 
such that figures SO.2 to SO.S depict the sequence 'from left to 
right in an enlarged form. 
"Left" and "righe refer to the edges of the weatherboard as 
presented in figure SO.1, and the white spots lettered a to k are 
reference markers to facilitate matching positions on figure SO.1 
with figures SO.2 to SO.S. 
The dashed lines point to positions on the weatherboard where 
magnifications to show details have been made. 
fig SO.2 
fig SO.3 
fig SO.4 
fig SO.S 
-left edge 
- top edge 
- top edge 
- right edge 





Duncan's New MUltiple Range test, which considers the 'span' involved in a comparison 
between two means taken from a larger group of means, was selected as the a posteriori test. 
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A regression analysis was employed to determine whether a functional relationship between the 
variables under study exists; ie. to describe the dependence of the y variable on the independent x 
variable. 
The ANOVA for depth of penetration along the 14 cm length of the board is recorded in Table 
2.1.1. Significant variation exists among taxa. The calculated F value of 3.91 exceeds the critical F 
value given in statistical tables at P=0.05, therefore the null hypothesis is rejected. The probability 
of obtaining such an F value by chance is 0.0001 indicating a significant treatment effect exists. 
Duncan's New Multiple Range Test is given in Table 2.1.2, and shows that not only is there no 
significant difference among the means for depth of penetration recorded for D. cupressinum and P. 
dacrydioides but the difference among both 'u' -type and 'n' -type profiles for these two endemic taxa is 
also insignificant. However, the mean depth of penetration recorded for P. radiata weatherboards 
exhibiting the 'n' -type cut is significantly different from the latter two taxa. Although the mean depth 
of penetration in 'u' -type P. radiata boards is not significantly different from D. cupressinum and P. 
dacrydioides 'u' -type boards, it is significantly different from D.cupressinum 'n' -type boards. 
The means and ranges for each taxon and the associated board profiles are recorded in 
appendix 4.2. The maximum penetration depth over the 14 cm interval was nine cells in both 'u' and 
'n' -type D. cupressinum boards; six cells for 'u' -type and thirteen cells for 'n' -type P. dacrydioides 
boards and shallower inP. radiata, being eight cells in 'u'-type boards and six cells in 'n'-type boards. 
The depth of coating penetration on the two edges (sides) of each board is also recorded in 
appendix 4. The terms 'left' and 'right' used here are merely for descriptive convenience. The 
analysis of variance is presented in Table 2.2.1. The calculated F value of 22.9 exceeds the critical F 
value at P=0.05, therefore, the null hypothesis is rejected. The probability of obtaining such an F 
value by chance is 0.0001. 
Duncan's New Multiple Range Test in Table 2.2.2, indicates that the left and right edges of D. 
cupressinum 'u' and 'n'-type boards are significantly different from each other. This phenomenon is 
also statistically suggested in P. dacrydioides boards but there appears to be no significant difference 
between the left and right edges of P. radiata 'u' and 'n' -type boards. If the means for individual left 
and right sides are compared among taxa, some similarity exists, for example, all the right 'u'-type 
boards for the three taxa are not significantly different. The individual measurements for coating 
penetration as seen on the left and right edges show that the maximum penetration was significantly 
deeper on the sides than the top edge for both D. cupressinum and P. dacrydioides. Maximum 
penetration depth as seen on the edges of P. radiata boards was not significantly different to that 
observed along the 14 cm interval across the top edge. Twenty-seven cells was the maximum 
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TABLE 2 
DEPTH OF COATING PENETRATION MEASURED ON THE TRANSVERSE 
FACE OF WEATHERBOARDS ( refer appendix 4 ) 
'u' - type and en' - type board profiles. 
Coating: Ti02 tagged Wattyl Estapol • 
TABLE 2.1.1 ANALYSIS OF VARIANCE - ONE WAYANOVA 
SOURCE 
AMONG 
TAXA 
WITHIN 
TOTAL 
df 
5 
78 
83 
TABLE 2.1.2 
SS MS F 
27.62 5.52 3.91 0.003 
110.22 1.41 
137.84 
DUNCAN'S NEW MULTIPLE RANGE FOR THE COMPARISON OF MEANS AT 
THE P=O.05 LEVEL. 
THE MEANS WHICH ARE NOT SIGNIFICANTLY DIFFERENT ( n.s ) ARE GROUPED 
TOGETHER. THE MEANS ARE RANKED FROM HIGHEST TO LOWEST, 
TAXA BOARD PROFILE DUNCAN GROUPING 
Dacrydium cupresslnum In' 
- type I n.s. Dacrydium cupressinum 'u ' - type r· s . Podocarpus dacrydloides 'u' - type Podocarpus dacrydloldes 'n' - type 
Pinus radiata 'u' - type In.s. Pinus radiata 'n' - type 
TABLE 2.2.1 
DEPTH OF COATING PENETRATION MEASURED ON THE TRANSVERSE 
FACE OF WEATHERBOARDS ( refer appendix 4 ) 
LEFT edge and RIGHT edge of board. 
'u' - type and In' - type board profiles. 
Coating: Ti02 tagged Wattyl Estapol • 
ANALYSIS OF VARIANCE - ONE WAY ANOVA 
SOURCE df SS MS F 
AMONG 
TAXA 11 3071.16 279.19 22.9 
WITHIN lOB 1316. BO 12.19 
TOTAL 119 43B7.96 
TABLE 2.2.2 
P>F 
0.0001 
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DUNCAN'S NEW MULTIPLE RANGE FOR THE COMPARISON OF MEANS AT 
THE P=O.05 LEVEL. 
THE MEANS WHICH ARE NOT SIGNIFICANTLY DIFFERENT ( n.s ) ARE GROUPED 
TOGETHER. THE MEANS ARE RANKED FROM HIGHEST TO LOWEST. 
TAXA EDGE 
Dacrydium cupressinum left 
Podocarpus dacrydioides left 
Dacrydium cupressinum right 
Podocarpus dacrydioides left 
Dacrydium cupressinum left 
Dacrydium cupresslnum right 
Podocarpus dacrydioides right 
Pinus radiata left 
Podocarpus dacrydioides right 
Pinus radiata left 
Pinus radiata right 
Phius radiata right 
BOARD PROFILE 
, 
u - type 
u - type 
, 
n - type 
, 
n - type 
n - type 
u - type 
n - type 
, 
u - type 
u type 
n - type 
u - type 
n 
, 
- type 
MEAN 
17.B 
13 .3 
B.3 
B.1 
4.7 
4.5 
3.0 
2.3 
1.9 
1.6 
1.5 
1.2 
DUNCAN GROUPING 
I n.s. 
I n.s. 
I n.s. 
n.s, 
TABLE 2.3.1 
REGRESSION ANALYSIS: 
DEPTH OF COATING PENETRATION MEASURED ON THE TRANSVERSE 
FACE OF WEATHERBOARDS, TAXA, PROFILE AND POSITION ALONG 
BOARD ( refer appendix 4 ) 
PREDICTOR REGRESSION SD t RATIO 
(independent COEFFICIENT 
variables ) 
D.cupreaainum 3.57 0.17 21.12 
P.dacrydioidea 2.97 0.17 17.59 
P.radiata 2.30 0.17 13.62 
'u'-TYPE 
PROFILE 0.08 0.12 0.67 
POSITION (em) 0.02 0.02 1.50 
INTERVALS 
TABLE 2.3.2 ANALYSIS OF VARIANCE 
SOURCE df SS MS 
Regression . 5 8625.7 1725.1 
Error 835 2681.3 3.2 
Total 840 11307.0 
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penetration depth recorded for both D. cupressinum and P. dacrydioides compared to a maximum 
depth of only four cells in P. radiata. 
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A regression analysis was made to determine the functional relationship between the dependent 
variable DEPTH and the independent variables - TAXA, PROFILE and POSITION (cm) along the 
board. The regression equation is : 
DEPTH = 3.57 D.cupressinum + 2.97 P.dacrydioides + 2.30 P.radiata + 0.08 'u ' type PROFILE + 0.02 POSITION 
Table 2.3.1 shows that because the calculated t ratio is greater than the critical value of t, given 
in statistical tables, at the 95% confidence limit, the relationship between depth and taxa is significant. 
Because the t ratios associated with profile and position are less than the critical values of t at 95% 
confidence limits, depth is not dependent on profile or position interval along the board Table 2.3.2 
shows that the variation accounted for by the regression equation is 8625.7 thus the regression accounts 
for 76% of the variation [SS]. 
5.2 COATING/SUBSTRATE-TRACHEID CELL INCLINATION 
The slope of the wood grain away from the board face plays a role in the conduction of freshly 
applied coating into the wood. The slope controls the extent and length each tracheid wall is opened 
by machining. The angle made by the tracheid cell length and substrate face (coating interface) was 
quantitatively measured at intervals along the entire width of each weatherboard and the average and 
range for each class interval is shown in appendix 5. Statisticai analyses were performed for each 
taxon. 
The ANOVA for coating substrate tracheid cell inclination angle is recorded in Table 3.1.1. 
Significant variation exists among taxa. The calculated F value of 9.69 exceeds the critical F value in 
the statistical tables at P=0.05, therefore the null hypothesis is rejected. The probability of obtaining 
such an F value by chance is 0.0001. 
Duncan's New Multiple Range Test is given in Table 3.1.2, it shows that with regard to cut 
there is no significant difference among the means for bothP. radiata andD. cupressinum 'u'-type 
boards and P. dacrydioides 'n' -type boards; but significant difference between P. dacrydioides 'u' -type 
boards. D. cupressinwn and P. radiata 'n' -type boards are significantly different from the other taxa 
types. In general 'u' -type boards exhibit a greater mean angle than 'n' -type boards with P. 
dacrydioides 'u' -type boards possessing the greatest mean angle of 6.55 degrees and P. radiata the 
smallest mean angle of 2.94 degrees. The angle ranges for each taxon and associated board profiles 
is shown in appendix 5. The maximum angles for 'u' and 'n' -type boards is 9 degrees and 7 degrees 
TABLE 3 
COATING SUBSTRATE TRACHEID CELL INCLINATION ANGLE 
(refer appendix 5 ) 
TABLE 3.1.1 ANALYSIS OF VARIANCE - ONE WAY ANOVA 
SOURCE df SS MS F P:>F 
AMONG 
TAXA 5 113.82 22.76 9.69 0.0001 
WITHIN 78 183.15 2.34 
TOTAL 83 296.97 
TABLE 3.1.2 
DUNCAN'S NEW MULTIPLE RANGE FOR THE COMPARISON 
OF MEANS AT THE P=O.05 LEVEL. 
THE MEANS ARE RANKED FROM HIGHEST TO LOWEST. 
THE MEANS WHICH ARE NOT SIGNIFICANTLY DIFFERENT ( n.s ) ARE 
GROUPED TOGETHER. 
TAXA BOARD PROFILE DUNCAN GROUPING 
Podocarpus dacrydioides 'u' - type I n.s. 
Pinus radlata 
'U' - type I n.s. podocarpus dacrydioldes 'n' - type 
Dacrydium cupressinum 'u' type 
Dacrydlum pupresslnum In' 
- type I n.s Pinus radlata 'n' - type 
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TABLE 3.2.1 
COATING SUBSTRATE TRACHEID CELL INCLINATION ANGLE ( refer 
appendix 5) 
LEFT edge and RIGHT edge of board 
au' - type and en' - type board profiles. 
Coating: Ti02 tagged Wattyl Estapol . 
ANALYSIS OF VARIANCE - ONE WAY ANOVA 
SOURCE df SS MS F 
AMONG 
TAXA 10 112.98 11. 29 5.91 
WITHIN 49 93.60 1. 91 
TOTAL 59 206.58 
TABLE 3.2.2 
P>F 
0.0001 
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DUNCAN'S NEW MULTIPLE RANGE FOR THE COMPARISON OF MEANS AT 
. THE P=O.05 LEVEL 
THE MEANS WHICH ARE NOT SIGNIFICANTLY DIFFERENT ( n.s ) ARE GROUPED 
TOGETHER. THE MEANS ARE RANKED FROM HIGHEST TO LOWEST. 
TAXA EDGE PROFILE MEAN DUNCAN GROUPING 
Dacrydlum cupresslnum right 'u' - type 6.4 
In", 
Dacrvdium cupresslnum right 'n' - type 6.2 
Podocarpus dacrydioldes left 'u' - type 5.6 
Pinus radlata left 'u' - type 5.0 
Pinus radlata left 'n' - type 4.2 T n.s. Dacrydium cupresslnum left In' - type 4.0 . 
n.s. 
Dacrydium cupresslnum left 'u' - type 3.8 
PodocarpUs dacrydioldes right 'n' - type 3.8 .. 
n.s . 
Podocarpus dacrydioides right 'u' - type 3.2 ... n.s. 
Pinus radiata right 'u' - type 2.6 
Pinus radlata right 'n' - type 2.6 ... 
podocarpus dacrydloldes left 'n' - type 2.2 
TABLE 3.3.1 REGRESSION ANALYSIS 
COATING SUBSTRATE TRACHEID CELL INCLINATION ANGLE, TAXA, 
PROFILE AND POSITION ALONG BOARD ( refer appendix 5 ) 
PREDICTOR REGRESSION SO t - RATIO 
(independent COEFFICIENT 
variables) 
D.aupreaainum 3.03 0.24 12.72 
P.daarydioidea 4.56 0.24 19.14 
P.radiata 2.92 0.24 12.27 
'u' - TYPE 
PROFILE 1. 73 0.17 9.91 
POSITION (em) 
0.04 0.02 1.72 
INTERVALS 
TABLE 3.3.2 ANALYSIS OF VARIANCE 
SOURCE df SS MS 
Regression 5 9620.4 1924.1 
Error 415 1324.6 3.2 
Total 420 10945.0 
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for D. cupressinum; 12 degrees and 8 degrees for P. dacrydioides and 9 degrees and 5 degrees for P. 
radiata respectively. 
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The tracheid cell inclination angles as measured on the two edges of each board are also 
recorded in appendix 5. The analysis of variance is shown in Table 3.2.1. The calculated F value of 
5.91 exceeds the critical F value at P=0.05, therefore the null hypothesis is rejected. The probability 
of obtaining such an F value by chance is 0.0001. 
Duncan's New Multiple Range Test in Table 3.2.2 indicates that the left and right edges of D. 
cupressinum boards are significantly different from each other but there is no significant difference 
between the left edges of 'u' and 'n'-type boards and the right edges of 'u' and 'n'-type boards. This 
phenomenon is also statistically suggested for P. dacrydioides boards, except there is a significant 
difference with regard to the left edges of both 'u' and 'n'-type boards. Statistically there is very little 
difference between the left and right edges of P. radiata boards, although Duncan's Test separates the 
left edge 'u' -type boards from the other combinations. 
A regression analysis was made to determine the functional relationship between the dependent 
variable ANGLE and the independent variables - TAXA, PROFILE and POSITION (cm) along the 
board. 
The regression equation is : 
Al~GLE = 3.03 D.clpressillulII + 4.56 P.dacrydioides + 2.92P.radiata + 1.73 'u' type PROFILE + 0.03 POSITION 
Table 3.3.1 shows that because the calculated t ratio is greater than the critical value of t, given 
in statistical tables at 95% confidence limits, the relationship between tracheid cell inclination angle 
and taxa is significant. The relationship between tracheid cell inclination angle and board profile is 
also significant. However, because the calculated t ratio associated with position was less than the 
critical value of t, given in statistical tables at 95% confidence limits, ,tracheid cell inclination angle is 
not dependent on position along the board. 
Table 3.3.2 shows that the variation accounted for by the regression equation is 9620.4 thus the 
regression accounts for 87% of the variation [SS]. 
5.3 TRACHEID CELL ROW GROWTH DIRECTIONS AND THE COATING 
INTERFACE 
Growth ring pattern, age and position in the wood controls the radiating direction of the 
tracheid rows from the pith. Cell wall pitting occurs predominantly on the radial walls with the 
exception of some tangential pitting in latewood cells. The angular presentation of pits to the coating 
obviously plays a part in the movement path of liquids into the wood. In each board, tracheid pit 
positions vary from parallel to oblique and perpendicular to the coating interface. Tracheid cell row 
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TABLE 3.4.1 
COATING / SUBSTRATE TRACHEID CELL INCLINATION ANGLE 
AND TRACHEID CELL GROWTH DIRECTION 
CORRELATION ANALYSIS 
VARIABLES. 
INCLINATION 
ANGLE. 
CELL 
DIRECTION. 
TABLE 3.5.1 
INCLINATION 
ANGLE. 
1.00 
0.00 
0.25 
0.26 
CELL 
DIRECTION. 
0.25 
0.26 
1.00 
0.00 
DEPTH OF COATING PENETRATION AND TRACHEID CELL 
GROWTH DIRECTION 
CORRELA liON ANALYSIS 
VARIABLES. PENETRATION CELL 
DEPTH. DIRECTION. 
PENETRATION 
-O.OB 1.00 
DEPTH. 0.63 0.00 
CELL 
-O.OB 1.00 
DIRECTION. 0.63 0.00 
growth direction angles viewed on the transverse face of weatherboards for both "u" and "n"-type cuts 
were measured and the results are presented in diagramatic form in appendix 6. 
Statistical analyses were performed to determine whether the variables: coating penetration 
depth and tracheid cell row growth direction are interdependent or vary together. A correlation 
analysis was chosen to establish the strength of the relationship between the variables. Pearson's 
product moment correlation coefficient or 'r', is a number that ranges from -1.0 to + 1.0, indicating a 
negative or positive relationship; if it is zero, no relationship is suggested. The correlation 
coefficient is the ratio of the covariance to the product of the standard deviation of the two variables. 
The correlation matrix presented in table 3.4.1 shows that the correlation coefficient is -.08. A 
negative correlation coefficient indicates that as one variable goes up the other goes down, however, 
because the value is very close to zero it can be inferred that the two variables are unrelated. A test 
of significance for the correlation coefficient 'r' showed that the probability PROB > r under 
Ho:Rho = 0 is 0.63 at the 0.05 level. It is concluded that there is no relationship between coating 
penetration depth and tracheid cell row growth direction with regard to all three taxa. 
A correlation analysis was also chosen to determine the strength of the relationship between 
coating/substrate tracheid cell inclination angle and tracheid cell row growth direction. The 
correlation matrix presented in table 3.5.1 shows that the correlation coefficient is 0.25. A positive 
correlation coefficient indicates that the values of both variables increase together. A test of 
significance PROB > r under Ho: Rho=O showed that the probability is 0.26 at the 0.05 level. It is 
concluded that the relationship between coating/substrate tracheid cell inclination angle and tracheid 
cell row growth direction is not significant for all three taxa studied. 
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5.4 COATING PENETRATION - A SEM STUDY. 
The longitudinal views of coated boards depicted in figures 51 to 54 are typical examples of the 
gross nature of the coating on D. cupressinum, P. dacrydioides and P. radiata weatherboards. A 
comparison of figures 51 [A] to [Cl suggests that the Ti02 tagged Wattyl Estapol does not fill the entire 
space available in each cell. " Air pockets" and extractives and other deposits present in the cell 
lumens at the time of coating application are attributed to have disrupted the flow of the coating. 
This "air pocket" phenomenon is more obvious in boards coated on the radial face (compare figures 51 
[B] and [C]); and this may be related to pit aperture orientation presented to the coating on entry. 
During the process of splitting the coating film away, to expose the cells beneath, the fIrst few microns 
of the interface are removed thus a true cast/mould effect is difficult to produce. However, 
alternative techniques of serial sectioning were employed to obtain a complete" picture 11 of the 
coating/interface but in side view (compare figures 52 [C] and [D]). 
Microscopic evidence suggests that gross penetration of the coating into ray parenchyma cells is 
minimal in D. cupressinum and P. dacrydioides compared to P. radiata. Figures 52 [A] and [E] depict 
tangential views of a D. cupressinum board showing the presence of coating in ray cells. Figures 52 
[E], [F] and [G] provide evidence that the extent of gross penetration is shallow. The" air pocket" 
effect, previously mentioned, is more apparent in P. dacrydioides and P. radiata than in D. 
cupressinum (compare figures 51 [B], 52 [B] & [D] and 54 [A], [D] & [E]). 
The zig zag path of coating flow into the wood is controlled partly by the gross structure of the 
wood and anatomical features exposed by machining on the longitudinal faces. The number, 
distribution and size of pits exposed controls the direction path too. Pit membranes destroyed during 
weatherboard manufacture and treatment processess, provide entry points for the coating. The exact 
percentage of open pits cannot be estimated as wood preparation for electron microscopy often 
damages the delicate pit membranes even though the greatest care is taken with unembedded wood 
samples. The electron beam is capable of destroying membranes. The backscattered electron 
images depicting the coating lining the cell lumens in the" air pocket" zones reveals empty pit 
apertures. After curing, the coating contracted in the lumens and the tangential views seen in figure 
53 [A] and [D] show remnants of coating plugging the pit chambers (compare this with the radial views 
in figure 54 [A] and [DD. 
The penetration path can be traced inwards through several cell rows (figure 52 [C] to [GD. 
The coating is visible through" pit windows" in the tracheids behind the exposed lumens of adjacent 
tracheids (figure 52 [DD. The simple pit membrane of ray cells is more" robust" and uniform in 
nature and less likely to allow coating through the cross-fields from adjacent tracheids. Figure 52 [G] 
shows the coating filling horizontal ray parenchyma cells. Note the deflected pit membrane in the 
FIGURE 51 
Transverse and long itudinal faces of (A) 0 cupr inllm (rimu). 
(8) P.radiar and (C) P dacrydioides (kahikatea) wood 
coated with Ti02 tagged Wat1yl Estapol -
Note the coating covering the longitudin I face has been 
stripped oH to reveal the cells beneath. The degree of 
penetration can be een on the transverse face.(BSEI}, 
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A. & B. The coating which wa applied to the tangenti I fac 
been tripped aw y to reveal the partially filled ray cell and 
the • Ir pocket- region (arrowed) where the coating h s pulled 
from the pit-pair. (Compar views In f g.C. and D.). 
C. - G. Profile view of coated boards showing the degree of 
penetration in tr cheids and ray cells. The coating w 8PIPIlE~d} •••• <i.i ••••• ? •••• · •••• 
to the tangenlfal longitudinal f ce of the board hown her 
at the extreme left a. each mlcrogra . (8SEI 
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A.· E. The coatin ppll d to the r d ial longitudin 
f c . (Extr m left of th m crog ph; e Fig.D.) . 
LONGITUDINAL VIEWS OF P. rod; la COATED WITH Ti02 TAGGED 
WATfYL ESTAPOL. 
A. - E. The coating ha. been stripped away to reveal the cells beneat 
Note the -air pocket- are s, splrated pit and coating filling the 
margo / torus region. 
B. Detail or 8 partially filled 
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p.dacrydioides IKATEA) COATED W 
TAGGED WATTYL ESTAPOL. 
A. - D. Transverse views showing the 
coating / pits and cell wall interface. (SEM). 
(T.F.) p.radiata COATED WITH Ti02 
TAGGED WATTYL ESTAPOL. 
Detailed transverse view showing 
coating penetration along a ray 
cell and the aspirated pit membranes 
of tracheids. 
adjacent tracheid cell preventing the coating from bursting through into the ray cell. Aspirated pit 
membranes are depicted in figure 54 [Al. 
In order to envisage a hypothetical complex three-dimensional model of gross penetration, 
movement and coating retention, all three weatherboard faces must be imagined. Figures 55 to 57 
are secondary electron images of typical transverse views of the coating in the taxa studied. Whereas 
the coating texture is enhanced in the backscattered electron images of the previous micrographs, here 
the texture of Ti02 tagged Wattyl Estapol coating appears superficially smooth. Peering down into 
the P. radiata tracheids shown in figures 55 to 56, it is visually evident that aspirated pits prevent 
intertracheid penetration. Figure 57 is a characteristic example of coating filling a ray cell. The 
arrow points to the membrane adhering tenaciously to the coating and constricting entry into the 
adjacent tracheid cell through the half bordered cross-field pit apertures. Normally sap, ascending 
the trunk of a living tree, passes from one tracheid to the next along a zig zag route upwards and flows 
through the pit aperture of one tracheid into the pit chamber, through the medianly suspended pit 
membrane and out into the pit chamber of an adjoining tracheid and into the cell lumen and so on. 
However, the model for bulk coating movement in weatherboards is more complex. Firstly, it is 
important to remember that the weatherboards are coated/primed on the longitudinal face and the end 
grain is usually sealed, preventing coating entry. The initial entry point is therefore not from the 
base of the tracheid 'cylinders' upwards but from the excised sides of the tracheids and also through 
fissures, cracks and any opening caused by machining. 
5.5 DISCUSSION 
The wood substrate and its relationship to coatings, dyes, resins and preservatives all have one 
topic in common and that is penetration. Morphological factors relating to the penetration of 
solutions both into the cell wall and through the pit membrane have been extensively investigated. 
Penetration is not solely influenced by wood structure but by the molecular size and type of particles 
present in the coating fluid. As background and for comparative purposes, some diffusion studies 
documented in the literature are briefly outlined here. 
Through a series of experiments, Wardrop & Davies (1961) were able to trace concentric rings 
of diffusion in P. radiata tracheid cell walls. They found that the middle lamella and cell corners, 
both areas of greatest lignin concentration, were the last regions to react with the reagents. The 
nature of the secondary wall is important in controlling movement of materials. The S3 layer is the 
first layer that materials entering the cell must pass through from the lumen. Experimental evidence 
has indicated that of all the three secondary wall layers the S2 layer is the most porous. In a study of 
the S3lignin concentration, Donaldson (1987) concluded that P. radiata tracheids have a highly 
lignified S3 layer. He interpreted that lignin concentration determined porosity and suggested that 
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the observed low porosity in the S3 layer is a consequence of high lignin concentration which acts as a 
barrier to diffusion. Ultrastructural studies of wood cellulose substrates from P. radiata led 
Donaldson (1988) to postulate that both the S3 and Sl layers of the secondary wall are barriers to 
enzyme penetration and that access to the S2layer is restricted. SEM X-ray microanalyses of 
tracheid cell walls of southern yellow pine treated with water based formulations of pentachlorophenol 
were made by de Groot & Kuster (1986). They found greater amounts of the preservative in the 
earlywood than in the latewood cells and proportional increases in the S3 layer but by contrast the 
loadings in the S21ayer were disproportionately low. 
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In their review of the history of coatings research, Harada & War drop (1960) and Wardrop & 
Davies (1961) noted that a range of aqueous solutions, including carbon black suspensions, Congo red 
dye, titanium oxide particles and metal salt solutions, have been employed to demonstrate the nature 
of the capillary system in the cell wall. The existence of a heterocapillary system was confirmed by 
Frey-Wyssling (1937) who estimated that the width of the larger capillaries between the microfibrils 
was greater than 100 nm whereas those within the microfibrils were around 1.0 nm. They also noted 
that large molecules of dyes were capable of penetrating the larger capillaries. As part of an 
investigation of pulping liquors into wood cells, using the electron microscope, Davies (1968) 
observed, under the electron microscope, silver nitrate particles deposited in the cell wall and believed 
that the particle diameters provided some indication of the diameter of the cell wall capillaries. More 
recent research has revealed that although direct visual measurement of the diameter of cell wall 
capillaries is not yet microscopically possible, indirect observations suggest that they are 3.2-100 nm in 
diameter (Smith et aI, 1985). Capillary size is species dependent. Vinden (1984) developed and 
refmed a diffusion model for wood with reference to Scots pine (Pinus sylvestris) and Norway spruce 
(Picea abies). The model depicted the interaction of the total void volume, lumen volume, cell wall 
void volume, permanent capillaries (macro and micro) and transient capillaries. Although Vinden's 
work relates directly to preservative studies it provides considerable insight to the types of movement 
operating within the cells. 
As in all softwoods, liquid penetration in D. cupressinum, P. dacrydioides and P. radiata 
proceeds from tracheid to tracheid via the bordered pits. Wardrop & Davies (1961) provided a 
diagramatic representation of a section through a bordered pit to illustrate their theory that during pit 
border formation the initially formed pit border is distinct from the Sl layer that partially overlies it. 
This border layer prevents reagents in the pit chamber from penetrating the secondary cell wall, 
instead they are forced through the pit aperture and out into the adjacent tracheid where they are 
allowed access to the inner layer of the cell wall. Yata (1981) traced the diffusion depth of chromium 
inwards from the surface of the tracheid cell wall adjacent to the pit chamber of bordered pits and 
found it was less than that inwards from the lumen entry point. 
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Morphological variation in bordered pit membranes in gymnosperms is discussed by Bauch et 
al (1972) and illustrated with reference to New Zealand woods by Meylan & Butterfield (1978) and 
BuUerfield & Meylan (1980). Barnett (1977) discovered paracrystalline osmiophilic material in the 
developing bordered pits of P. radiata and obtained evidence that this material penetrates the torus 
during development via ectoplasmic strands. The pit membrane is unlignified (Imamura et ai, 1974). 
Provided the pit membrane (torus) is suspended in the median position, articles of a certain size can 
move through the openings between the supporting strands comprising the margo (Cote, 1981). In 
the case of aspirated pit membranes, free passage of smaller particles suspended in the fluid is 
restrained although the actual liquid volume may be permitted through the membrane by diffusion 
processes (Cote, ibid). 
Of the two main types of penetration distinguished - gross penetration of the eight coating 
systems and in particular the Ti02 tagged Wattyl Estapol is obvious. Intracellular penetration, 
however, is more difficult to ascertain microscopically and discern whether preferential migration or 
localization of coating components actually occurs or whether the ftlm composition remains constant 
throughout the entire level of penetration. Many types of interactions happen as soon as a coating is 
applied to wood and evidence and supporting theories require the collaboration of several methods of 
detection. The remainder of this discussion considers old and new concepts for a variety of coating 
systems and softwood substrate species. Current theories may be applicable in elucidating the 
behaviour of coated D. cupressinum, P. dacrydioides and P. radiata weatherboards. When 
interpreting the behaviour of a coating it is useful not only to view the system as a whole but to deal 
with the individual components such as the solvents and binders separately. 
In a discussion on the physical and chemical nature of wood and coatings, Gatslick (1%3) 
stressed the role of the extraction of chemicals from the wood substrate. Softwoods have a high level 
of extractives which tend to bulk the cell walls and restrict the migration of coating components. It is 
believed that the coating composition can change either as a result of the migration of wood extractives 
into the coating or the migration of fractions of the coating component out into the wood. Bleeding 
of resin through paint films occurs in some species but is infrequent in P. radiata (Sinclair, 1965). For 
years it was thought that the penetration of the binder was essential to securing good coating adhesion 
and in order to maintain a constant pigment/binder ratio in the dry primer a certain proportion of 
polymerised oil was incorporated into the system. The oil penetrated only to a depth of two to three 
cells (Sinclair, ibid). Mirams (1965) noted excessive absorption of paint oils in the dense 
summerwood bands of P. radiata and Miniutti (1963, 1%5) deduced that paint oils penetrate deeper in 
the summerwood, reasoning that the pits were more likely to be open between adjacent summerwood 
cells than springwood cells. Deep penetration of paint oils robs the coating of film forming material 
(Miniutti, ibid). 
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A number of common variables are involved in the initial adhesion processes of both film 
forming coatings and adhesives on wood. Microscopic evidence of wood/adhesive interface 
relationships on Douglas fir (Pseudotsuga menziesii) were recorded by Nearu (1965). Because 
conventional white light and staining techniques were unable to show the presence of alkaline phenol 
formaldehyde resin in the cell walls, Nearn resorted to fluorescence microscopy to detect the total 
depth of penetration of the alkaliue solvent and the lowest molecular weight material. He theorized 
that unlike adhesives, coatings do not form a two zoned interface instead an interlocking mechanism is 
formed. 
Cote & Robison (1968) attempted to answer the question on whether only a componeut of a 
uralkyd clear coatiug system penetrated into the wood. Incident fluorescence and trausmitted 
fluorescence microscopy suggested a superficial penetration of the non-volatile vehicle. This led 
them to speculate that the apparent coating penetration previously interpreted (Schneider & Cote, 
1%7) was not penetratiou of the uralkyd binder molecules but rather the solvent into the cell wall. 
To simplify the interpretation of the behaviour of the interface region of an alkyd coating on western 
white pine (Pinus monacola), Cote & Vasishth (1970)formulated coatings both with and without the 
presence of a mineral spirit solvent; and with the aid of several microscopic techniques were able to 
detect variation in porosity within the film itself which they interpreted as evidence of solvent 
penetration through wood cell lumens. 
Further attempts were made by Schneider (1970) to substantiate and clarify the interaction 
phenomenon between coatings and wood cell walls. The direct carbon replica technique was 
employed in conjunction with electron microscopy to determine the presence, if any, of visible 
structural changes in the cell wall as a consequence of the interactions associated with the chemical 
components of the coating. Using specimens coated with a high viscosity, unpigmented uralkyd 
varnish and a low viscosity boiled linseed oil coating, Schneider deduced that infiltration of amorphous 
substances into the cell wall was subtle and to a shallow depth only. Autoradiography of a moisture 
cured urethane resin and oven dried wood indicated that cell wall penetration was minuscle (Schneider 
& Chang, 1971 unpub.report) and (Schneider, 1972). 
Linseed oil is the simplest and oldest vehicle type and probably the most widely used drying oil 
(Clauser,1984). The purpose of thermal bodying of oils is to increase their viscosity, adhesion, 
drying rate and water resistance (OCCA, 1%9). In order to answer the question as to how much oil 
penetrates cell walls, Schneider (1979) conducted a series of experiments on white spruce (Picea 
g/auca Moench.[vossD sapwood and with the aid of the scanning electron microscope was able to view 
the linseed oil deposits. The oil film covered the lumen interior surfaces but the distribution of oil 
within each sample was non uniform. Less than five percent of the oil appeared to be absorbed in the 
cell walls. A further series of experiments (Schneider, 1980) revealed that only the largest earlywood 
cell lumens nearest to the exposure surface were filled with oil and a few smaller earlywood lumens 
were also fIlled. This led Schneider to suggest that capillarity is the main force of penetration. The 
occurrence of oil coated unfIlled lumens further away from the exposure surface was explained by 
suggesting that they result from either oil spreading on the lumen surface or capillarity of cell walls 
after the oil has moved through open pits. A water-dilutable version of linseed oil manufactured by 
partially trans esterifying the oil with polyethylene glycol was examined by Vasishth (1983) who 
deduced that it remained water-Ieachable several weeks after deposition in the cell walls. 
One of the earliest successful bulking agents to improve coating adhesion and wood stability 
was an unpolymerized phenol formaldehyde resin (Stamm, 1965) which appeared readily diffusible into 
the cell walls because of its high water solubility. However at the time it was still unknown whether 
the resin was chemically bonded to the wood or whether it was merely mechanically deposited within 
the walls. Research on bulking of wood and coatings adhesion have complemented each other in the 
quest for understanding and interpreting product behaviour. Using a sample of Douglas fir wood 
prepared with metabromophenol formaldehyde resin, Smith & Cote (1972) were able to demonstrate 
that under certain curing conditions the resin penetrated deeply into the cell walls. 
As part of a research programme to produce water - borne clear coatings for wood, Vasishth 
(1983) discovered that for cell wall penetration to occur it was necessary to select a polymer that had a 
high proportion of molecules with molecular weight below 1000, because molecules greater than this 
either remained on the cell lumens or fortn&la fIlm. Unlike the commonly used polymers which 
included water-dispersed polymers such as the acrylics, and solvent-based alkyds, Vasishth found that 
a certain class of polymers referred to as water-borne alkyds (also known as water-dilutable or water-
reducible alkyds) behaved differently. Aqueous solutions of these water-borne alkyds swell wood 
irreversibly. In the presence of driers such as calcium, manganese or cobalt naphthenates, these 
water-borne alkyds polymerize on exposure to air and become water insoluble. The penetration of 
Eastern white pine (Pinus strobus L.) wood cell walls by a novel water-borne alkyd resin which was 
allowed to polymerize ill situ was investigated by Smulski & Cote (1984). Because the majority of the 
uncured alkyd constituent oligomers were less than 50 nm in size and forty percent were smaller than 5 
nm in size, they believed that the molecules were small enough to enter transient cell wall capillaries. 
The resin was prepared without metallic driers thus was present in the cell wall in a non-bonded and 
leachable form. Negative alkyd resin cast replicas of the pit openings and tracheid cell wall surfaces 
provided evidence of gross penetration and also transverse flow of the resin via ray parenchyma cells. 
What happens to the volatile solvent portion of the coating is crucial in understanding 
coating/substrate relationships. It is now known that the solvent plays a dual role; it is responsible 
for the swelling of cell wall capillaries and subsequently provides an attractive medium which avoids 
chromatographic separation of coating components by the cell wall (Lucas & Smith, 1985). While 
water is able to swell the cell walls, latex particles, in latex coatings for example, are too large to 
penetrate even the most swollen cell walls (Middleton, 1985). In traditional organic coatings such as 
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varnishes, the solvent facilitates coating penetration into the celllumens but neither the resin 
molecules nor the solvent show affinity for the cellulose component of the cell wall (Lucas & Smith, 
ibid). By contrast, water-borne solution coatings containing an organic co-solvent and low molecular 
weight resin molecules exhibit the requirements considered necessary for resin deposition within the 
wall. In testing their theory, Lucas & Smith compared a clear water-borne alkyd resin with the same 
resin dissolved in organic solvents. Interactions of several water-soluble organic co-solvents and 
water-borne polymer systems and Eastern white pine wood were investigated by Smith et al (1985) with 
the intention of tracing the penetration and swe1ling of cell wall capillaries. Ethylene glycol 
. monobutyl ether, diethylene glycol monobutyl ether and ethylene glycol were the organic solvents they 
used to demonstrate that when applied in aqueous solution not only do they both penetrate and swell 
cell wall capillaries but they are prone to entrapment. Alkyd, acrylic and drying oil resins and 
polyethylene glycol were the water-borne polymer systems they used to demonstrate that cell wall 
capillary penetration is controlled by the molecular size and water solubility of the polymer. In a 
study of coating behaviour on Australian timbers, Drewe (1986) deduced that the uniformity of paint 
composition is changed by a filtration effect which, although minor, prevents certain pigments from 
entering the ceUs. However, fluorescence microscopy revealed only tentative evidence of vehicle 
penetration (predominantly the solvent) into the cell walls. 
As some of these reviewed theories do not involve film forming coatings on wood, experiments 
were not performed to test them. However, they are useful in demonstrating penetration effects in 
situations involving wood cell walls. Some of them may provide support to any specUlations made in 
this study on the macro and micro penetrations of the Ti02 tagged Wattyl Estapol coating. In 
developing any theory, the chemical composition of the coating must first be considered. 
Approximately fifty-two percent of the solid fraction of the Ti02 tagged Wattyl Estapol consists of 65% 
Soya Oil alkyd (unpub.data) and 2,2' dihydroxy-4-methoxy benzophenone, cobalt naphthenate, lead 
naphthenate, calcium naphthenate, organic rheological modifier, soya lecithin, rutile titanium dioxide 
and an acrylic dispersing resin comprises the remaining fourteen percent of solids present. The non-
yellowing property of soya oil makes it suitable for clear coatings and white paints. The volatile 
portion contains approximately thirty percent White Spirit and less than three percent toluene, xylene, 
I-methoxy-2-propyl acetate and methyl ethyl ketoxime. White spirit is composed mainly of 
hydrocarbons with a complex paraffin component. White Spirit has the following specification: 
density at 150C 0.78, distillation range 150-2000C and an aromatic content of 18% w Iw. White spirit 
is capable of dissolving long oil alkyds and modified phenolic resins. (O.C.CA., 1969). 
Does intracellular penetration occur in the Ti02 tagged Wattyl Estapol coating when applied to 
D. cupressinum, P. dacrydioides andP. radiata weatherboards? As in all coating systems the degree 
of intracellular penetration depends on the molecular size of components and it is believed that it 
should be deeper for raw than for bodied oils. Microscopic evidence supports the premise that metal 
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salts and other preservative solutions penetrate the cell wall but highly magnified electron images were 
unable to show and account for all the coating components. X-ray microanalysis does not give clear 
indication on whether coating components detected in the three taxa cell walls are permanently fixed or 
subject to redistribution, migration and/ or disintegration. Controversy still exists in the literature as 
to the existence of micro-capillaries, within cell walls, which are microscopically invisible. 
The rate of curing may affect coating penetration and movement within cell voids. Soya Oil is 
a slow drying oil on its own. On curing the soya alkyd present in the Ti02 tagged Wattyl Estapol 
undergoes a complex oxidation reaction which is catalysed by the metal naphthenate driers. 
Preferential migration of certain microscopically visible coating components, such as titanium dioxide, 
to a specific part of the coating film or into the substrate voids is demonstrated. Evidence that the 
solvent and/ or vehicle penetrates the wood and migrates out or diffuses back into the paint ftlm is 
tentative and not yet demonstrated microscopically. Solvent based coatings are capable of dissolving 
extractives in the wood and this is probably true for the Ti02 tagged Wattyl Estapol. 
There is consensus of opinion in the literature that all the ingredients of a coating can enter 
fissures, cavities and excised cell lumens but only the liquid portion of suitable molecular size can pass 
through the pit membranes through to adjoining cells. The pigment volume concentration is 
important in determining gross penetration into wood. In the case of the primer survey recorded in 
chapter 4, microscopic evidence suggests some degree of pigment/particle segregation in those 
tracheid cell lumens cut and exposed by machining (refer figures 23 [D] and 30 [Al). This 
phenomenon is also evident in the ftlm layer lining the board surface. Larger angular" fragments" 
appear to have been denied entry into the cells below. Careful examination shows that the size of the 
particles present in the lumens of cells below the surface is smaller and more uniform. This may be 
due to the dimensions of the tracheids opened by machining and presented that way to the coating for 
entry. Some of the tracheids are partially flattened along their length, others exhibit tapering, 
undulating and twisted form. It is notable that the unembedded Toluidine blue stained sections 
photographed under the light microscope (refer figure 36 [q) appear to possess a " porous " film layer 
above the cell tops; this recalls the observation by Cote & Vasishth (1970) of film porosity after 
deposition. An alternative and more probable explanation is that the larger particles were loosened 
during section preparation. If the scanning electron micrographs taken of the Ti02 tagged Wattyl 
Estapol are compared with the primer micrographs, it becomes obvious that macro-particle 
segregation is absent. The more uniform distribution of coating particles could facilitate entry into 
the machine opened tracheids. Another important factor is that the percentage of rutile titanium 
dioxide in this novel coating system is less than that in the primers and this surely plays a role in gross 
penetration. Although electron microscope evidence supports the premise that the titanium particles 
remain randomly distributed once deposited in the cell lumen some tiny unidentifiable particles 
appeared to line the cell lumens, particularly in P. radiata. 
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The number of tracheids emerging on the weatherboard surface determines the number and 
location of possible tracheids presented to the coating across the board. Depth of gross penetration 
is also influenced by inclination of tracheid elements, the orientation of pits relative to the board 
surface, the surface area occupied by early and latewood zones, the figure and the grain of the wood. 
"Figure" refers to the pattern produced on the longitudinal wood surface, while "grain" refers to the 
direction of the major wood elements relative to the board edge (Harris, 1979). Tracheids act as 
capillary tubes for the conduction of the liquid portion of the Ti02 tagged Wattyl Estapol coating. 
Within tree variation exists and changes in wood density and tracheid dimensions in D. cupressinum, P. 
dacrydioides and P. radiata are dependent on tree age rather than stem diameter. The largest 
tracheids occur about a third of the way up a stem. The longest tracheids occur in the outerwood and 
may be up to four times longer than the shortest tracheids which occur towards the central core zone. 
Hence the extent of tracheid lumens filled with the Ti02 tagged Wattyl Estapol may be influenced by 
the tracheid dimensions present in each weatherboard piece. The presence of coating in adjacent 
tracheids in the upper regions of the board nearest to the film face is interpreted as having entered 
along separated tracheids or through pit membranes destroyed previously during preservative 
treatment of the wood. It is unlikely that the Ti02 tagged Wattyl Estapol burst through the intact pit 
membranes; electron microscope evidence supports this idea. 
Permanent strnctural changes occur in the wood during seasoning. Conventional pressure 
treatments can cause gross overloadings in the cells and the number of aspirated pits and damaged pit 
membranes may account partly for the variation pattern in the gross penetration observed. Pit 
aspiration, as a result of vacuum and pressure type treatments, affect subsequent rates of diffusion in 
the cell walls even though the actual solvent filled void volumes may remain the same (Vinden, 1984). 
In softwoods, approximately ninety-five percent of the total volume of wood consists of 
tracheids (Harris, 1981), thus the influence of ray parenchyma cells on coating gross penetration is 
minor. 
CHAPTER 6 
A STUDY OF WEATHERED COATING/SUBSTRATES 
6.1 ACCELERATED WEATHERING TESTS ON TI02 TAGGED WATlYL 
ESTAPOL ON D. cupressinum, P. dacrydioides AND P. radiata 
WEATHERBOARDS. 
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The natural environment is infmitely changing with respect to time, topography and 
metmology and therefore effects of natural exposure on materials will vary accordingly. The major 
natural environmental elements which cause the breakdown of coatings and substrates are: solar 
radiation (which includes the type and intensity of radiation), temperature, oxygen (and ozone), 
humidity, precipitation, wind, biological agents and atmospheric impurities. The term durability of 
a coating is synonymous with its economic life (Fu1lard, 1965) but no single factor can be isolated as the 
key to good durability (Wilkinson, 1987). The durability of a coating/fmish refers to its ability to 
withstand the combined factors which exert an influence on it while it is exposed to the elements and is 
performing the functions of protection and decoration of the substrate. 
Variables determining the performance of an exterior coating include: nature of the coating 
system, number of coats applied to the substrate, surface phencimena (including the degree of gloss), 
degree of exposure, timber species, grade and moisture content, substrate/ftlm interactions and 
internal fihn reactions. Film breakdown involves both chemical and physical changes, although many 
of the latter are physical manifestations of the former (Ball, 1982). The chief causes of fIlm 
breakdown are due to the failure of the pigment component and the vehicle; which ultimately results 
in the loss of adhesion of the film from the substrate. 
Artificial weathering tests developed out of the need to shorten the time in evaluating product 
performance. Film breakdown could be conveniently speeded up to a fraction of the time it would 
normally take under outdoor natural exposure conditions. Ball (1982) traced the history of 
weathering tests and noted that by 1937 the American Society for Testing Materials (ASTM) held a 
symposium to determine how accurately artificial weathering tests could be correlated with each.other 
and with natural weathering tests.. Although accelerated weathering tests are claimed to simulate as 
closely as possible natural weathering, they cannot be equated with any natural exposure tests and 
correlation must be treated with caution. Therefore, no attempt was made in this study to relate to 
any other weathering trials. Artificial weathering tests are incapable of duplicating the complex 
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environmental elements and their interactions which occur naturally. In accelerated weathering tests, 
only a limited number of natural weathering factors can be simulated. 
Weather-Ometers which use the xenon arc and carbon arc systems, represeut receut 
developments in accelerated weathering equipment designed to meet the standards outlined by the 
ASTM. The emission spectrum of the xenon arc more closely resembles sunlight in the ultraviolet 
region of the spectrum than the carbon arc. Natural and accelerated weathering tests both have 
advantages and disadvantages, however, accelerated weathering tests are universally used to predict 
the performance of certain materials under certain conditions. Any product subject to 
photo degradation, outdoor exposure, fading and photochemical reactions may be tested under 
controlled laboratory conditions on a repetitive basis. Birchenough (1986) stressed that accelerated 
weathering tests are used as a quality assurance procedure to ensure the reliability and durability of a 
product. 
A distinction must be made between deterioration (which refers to the result of exposure due 
to the effects of ultraviolet radiation, temperature and moisture) and degradation (which is the result 
of the effects of mechanical stresses and chemical changes such as oxidation). 
The aim of this study was to evaluate the effect of accelerated weathering trials on uncoated 
weatherboards representing the three taxa and on the performance of Ti02 tagged Wattyl Estapol 
coated weatherboards. Uncoated weatherboards were artifically weathered (refer method 2.14) for a 
period of three thousand hours. In order to determine whether the number of coats applied to the 
substrate showed any difference after weathering, boards with one coat of fmish were weathered for 
two thousand hours and compared to boards with two coats of finish. For this trial, two thousand 
hours was chosen as it is in between one and three thousand hours. In another series of experiments, 
boards with two coats of finish were weathered for one thousand, two thousand and three thousand 
hours to assess the role of the time. Incidently, three thousand hours is approximately equal to a 
four and a ha1f month period of continuous testing. 
6.2 EDAX BULK ANAYLSIS OF THE WEATHERED COATING. 
The spectral distribution of the elements detected in unweathered Ti02 tagged Wattyl Estapol 
coating is presented in appendix 1.8. The key elements present after three thousand hours 
accelerated weathering tests are shown in appendix 7. The analytical dataQrt.expressed as intensity 
(counts per second), background (counts per second) and peak height to background. The slight 
increase in the proportion of Ti02 in the coating suggested by the EDAX technique is in accordance 
with the observed decrease in the intensity of carbonyl group peaks indicated in the infrared spectra 
obtained for the coating (refer figures 66 to 68), which reflects incipient chemical breakdown of one of 
the organic components of the coating. 
6.3 L * a * b * COLOUR SYSTEM 
Thc Huntcr Labscan Spcctrocolorimeter tristimulus colour analyser for measuring reflective 
colours of surfaces was used to makc absolute chromatic measurements of uncoatcd, coated, 
unweathered and weathered D. cupressinum, P. dacrydioides and P. radiata weatherboards. Four 
>I< * >I< * * >I< 
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different colour systems for measuring absolute chromaticity; namely Lab , L CH, CIE Y x 
y and Dx Dy Dz (refer method 2.15) were used. Tablc 4 records thc mean values for the three taxa 
obtained with the Hunter Labscan. Duplicate measurements were made with the Minolta Chroma-
Meter and the mean values are shown in appendix 8 for comparison. Only the mean values for the 
L * a* b* and CIE Y x y systems were plotted to obtain three dimensional diagrams. 
Figures 58 to 60 feature L* a* b* diagrams for coated and uncoated, weatheredD. 
cupressinum, P. dacrydioides and P. radiata boards. Colour space is dermed as a three dimensional 
geometric representation defining a range of colour dimensions which are hue, saturation and 
lightness (Standards Association of Australia, 1983, 1985). The term colour solid refers to that part 
of a colour space diagram which is occupied by surface colours (CIE, 1970). Regarding the symbols 
used in figures 58 to 60, it is important to note that each symbol has been spaced slightly further away 
from its neighbour to avoid superimposed pictorial clustering of symbols which is visually difficult to 
interpret. Therefore, to obtain the exact position, reference should be made to the numerical values 
for L* a* b* given in table 4 (4.1 to 4.3). 
There is no internationally agreed system for colour names although a universal American 
colour language system has been published. The main advantage of using colour names is to provide 
a verbal description, however, colour is more prccisely specified by other means such as the CIE L * 
a* b* and CIE Colorimetric systems which spccify colour by three numerical values. The visual 
colour of the novel Ti02 tagged Wattyl Estapol studied here could be verbally described as "off white" 
or "cream" compared to the "pure white" colour of the primers studied. The purposc of using 
spectrocolorimetric techniques in this study of weathered coatingsfsubstrates was to obtain 
supplementary quantitative information on subtle changes invisible to the naked eye. 
In the L * a* b* colour space diagram L * is the metric lightness factor expressed as a 
percentage. Thus white equals one hundred percent and black equals zero percent. Hue and 
chroma (saturation) are represented by a* and b*. Figures 58 [A], 59 [A] and 60 [A] depict L* a* b* 
plots for boards representing the three taxa, which received two applications of the Ti02 tagged 
Wattyl Estapol coating and were artifically weathered for one thousand, two thousand and three 
thousand hours. The original unweathered coating has a mean value of approximately L* 89 a*-2 
b* + 12, thus when plotted on the diagram the coating position would lie two percent towards the 
green region and twelve percent towards thc yellow region with an eighty nine percent lightness factor. 
Slight variation within the three taxa was noted in the individual L * a* b* values for the two coat 
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TABLE 4.1 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE· 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Hunter Labscan 
Spectrocolorlmeter tristimulus colour analyser for Dacrydium cUQressinum. 
Pinus radiata and PodocarQus dacrydioides weatherboards. 
TAXA 
WEATHERBOARD SAMPLES Dac[vdlum cupresslnum Podocarpus dacrydloldes 
I.- 0'" b* l.* a- b,; 
UNCOATED BOARD. 63.35 +10.03 +25.59 14.94 + 1.26 +29.66 X Y Z X Y Z 
33.10 32.01 18.46 48.31 48.42 27.59 
1.* a'" b* 
77.92 + 5.72 +23.16 
X Y Z 
52.49 53.08 35.99 
UNWEATHERED. Y 
X V y X V 32.01 0.396 0.382 48.42 0.389 0.388 
Y X 'y 
53.08 0.371 0.375 
tJ N COATED BOARD U a· b'" . t· a' b* LJ a' b* 
48.53 +18.69 +39.58 52.54 +16.82 +37.71 55.78 +16.19 +39.28 
WEATHERED, X Y Z X Y Z X Y Z 19.87 17.26 5.17 23.10 20.64 7.00 26.21 23.72 ' 8.10 
3000 HOURS. Y x V y x y Y )( Y 
17.26 0.470 0.401 20.64 0.455 0.406 23.72 0.451 0.408 
TABLE 4.2 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Hunter Labscan 
Spectrocolorimeter tristimulus colour analyser for Dacrydium cUQressinum. 
Pinus radiata and PodocarQus dacrydioides weatherboards. 
TAXA 
WEATHERBOARD SAMPLES Docrydlum cupresslnum Podocarpus dacrydloldes 
COATED BOARD l' a· b' t- o- b- l- a* b-
1 85.72 -0.10 +7.83 82.85 +3.33 +13.87 85.55 +1.87 +10.71 COAT X Y Z X Y Z X Y Z 
TIO? TAGGED WATTYl 63.82 67.42 64.4.6 60.09 61. 89 51. 55 64.44 67.09 59.60 
EST1\POL EXTERIOR CLEAR Y x Y y )( Y Y x y 
WEATHERED 67.42 0.328 0.346 61.89 0.346 0.356 67.09 0.337 0.351 
2000 HOURS. 
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TABLE 4.3 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Hunter Labscan 
Spectrocolorlmeter tristlmUlus colour analyser for Dacrydlum cupresslnum. 
Pinus radiata and Podocarpus dacrydioides weatherboards. 
WEATHERBOARD SAMPLES Dacrydlum cupresslmirri 
COATED BOARD 
2 COATS 
TI02 TAGGED WATTYL 
ESTI\POL EXTERIOR CLEAR 
UNWEATHERED 
COATED BOARD 
2 COATS 
TI02 TAGGED WATTYL 
ESTI\POL EXTERIOR CLEAR. 
WEATHERED 
10\lOHOURS 
COATED BOARD 
2 COATS 
TI0'1TAOOED WI\TTYL 
EST POL EXTERIOR CLEAR 
WEATHERED 
2000 HOURS 
COATED BoARD 
2 COATS 
TI02 TAGGED WATTYL 
ESTAPOL EXTERIOR CLEAR 
WEATHERED 
·3000 HOURS 
L' 
89.51 
X 
70.01 
Y 
75.24 
l' 
89.49 
X 
70.06 
y 
75.20 
L' 
87.90 
X 
67.45 
Y 
71. 85 
L' 
91.96 
X 
67.52 
Y 
71.99 
II" 
-2.86 
Y 
75.2~ 
l( 
0.330 
a* 
-2.68 
y 
75.20 
)( 
0.328 
e~ 
'-1. $0 
Y 
71. 85 
l( 
0.326 
a' 
-1.61 
Y 
71. 99 
)( 
0.327 
b.\ 
+11.10 
Z 
66.87 
Y 
0.354 
bi 
+9.89 
Z 
68.28 
y 
a.35i 
b' 
+7.96 
Z 
67.31 
Y 
0.347 
b' 
+B.60 
Z 
66.72 
Y 
0.349 
TAXA 
PQdocarpu!l dacrvdloldes 
L' 
1)9. 6~ 
X 
70.80 
Y 
75.53 
lA-
90.57 
X 
72.67 
y 
77 .55 
L* 
88.07 
x 
68.41 
Y 
72.20 
L' 
89.05 
X 
69.96 
y 
74.27 
a* 
-1. 76 
Y 
75.53 
K 
0.333 
s· 
-1. 79 
y 
77.55 
x' 
0.333 
e" 
-0.12 
y 
72.20 
x 
0.331 
e' 
-1. 02 
Y 
74.27 
)( 
0.331 
b" 
+12.20 
Z 
65.87 
Y 
0.355 
bt 
+12.17 
Z 
67.78 
Y 
0.355 
b' 
+ 9.72 
z 
65.61 y 
0.350 
b* 
+10.21 
·Z 
61.00 
y 
0.351 
L' 
99.46 
X 
70.38 
Y 
75.15 
l* 
89.91 
X 
71.49 
y 
76.11 
Li. 
99.20 
X 
69.7$ 
y 
72.50 
L'\ 
89.34 
X 
69.71· 
y 
72.78 
a" 
-1.86 
Y 
75.15 
l( 
0.333 
a' 
-1.45 
y. 
76.11 
x 
0.333 
a' 
-0.02 
Y 
72.50 
l( 
0.:1:12 
e* 
-0.65 
y 
72.78 
X 
0.331 
b" 
+12.38 
Z 
65.29 
Y 
0.356 
bt 
+l1.61 
z 
G7;09 
Y 
0.354 
b' 
+10.14 
Z 
65.37 
y 
0.350 
b* 
+9.95 
Z 
65.88 
Y 
0.350 
A 
SYMBOLS 
o - 2 coats, unweathered 
(I - 2 coats, weathered 1000 hrs 
iii - 2 coats, weathered 2000 hrs 
• - 2 coats, weathered 3000 hrs 
FIGURE 58(A) 
IlLUE 
L*a*b* COLOUR SPACE 
WHITE 
00 
u=lOO 
L* 
YELLOW 
+ b* 
+ a* .... RED 
L* a* b* plots for coated Dacrydium cupressinum (rimu) weatherboard 
before and after weathering measured with the Hunter Labscan 
Spectrocolorimeter. (refer table 4 ) 
Coating - 2 coats, TI02 tagged Wattyl Estapol Exterior Clear. 
B 
Symbols 
@- uncoated, unweathered board . 
• - uncoated, weathered 3000 hours 
FIGURE 58 (8) 
WlUTE 
L=lOO 
L* 
r-------~--~®r-----______ __ 
YELLOW 
--a* 
BLUE 
BLACK 
150 
L* a* b* plots for uncoated Dacrydium cupressinum (rimu) weatherboard, 
before and after weathering, measured with the Hunter Labscan 
Spectrocolorimeter. (refer table 4 ). 
A 
SYMBOLS 
o • 2 coats, unweathered 
o • 2 coats, weathered 1000 hrs 
e . 2 coats, weathered 2000 hrs 
•• 2 coats, weathered 3000 hrs 
FIGURE 59(A) 
L*a*b* COLOUR SPACE 
WHI'l'F: 
L",loo 
L* 
YELLOW 
+ b* 
GREEN ...... - a* --J4.- + a* 
BLUF: 
L* a* b* plots for coated podocarpus dacrydioides (kahikatea) 
weatherboard before and after weathering measured with the Hunter 
Labscan Spectrocolorimeter. (refer table 4 ) 
Coating - 2 coats, Ti02 tagged Wattyl Estapol Exterior Clear. 
B 
Symbols 
®. uncoated, unweathered board 
•• uncoated, weathered 3000 hours 
FIGURE 59(8) 
L*a*b* COLOUR SPACE 
WHITE 
L=100 
- a* -~J.C-- + a* ..... 
RED 
BLUE 
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L * a* b* plots for uncoated Podocarpus dacrydioides (kahikatea) 
weatherboard, before and after weathering, measured with the Hunter 
labscan Spectrocolorimeter. (refer table 4 ). 
A 
SYMBOLS 
o - 2 coats, unweathered 
o - 2 coats, weathered 1000 hrs 
Q - 2 coats, weathered 2000 hrs 
•• 2 coats, weathered 3000 hrs 
FIGURE 60{A) 
- a* 
BLUE 
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L*a*b* COLOUR SPACE. 
L* 
YELLOW 
+b 
+ a* -flo REO 
BUCK 
L* a* b* plots for coated Pinus radiata (radiata pine) weatherboard before 
and after weathering measured with the Hunter Labscan 
Spectrocolorimeter. (refer table 4) . 
Coating - 2 coats, Ti02 tagged Wattyl Estapol Exterior Clear. 
B 
Symbols 
@. uncoated, unweathered board 
•• uncoated, weathered 3000 hours 
FIGURE 60 (B) 
L*a*b* COLOUR SPACE 
L=lOO 
L* 
YELLO' 
+ b* 
... - a* ----:l,.....- + a* 
BLUE 
L * a* b* plots for uncoated Pinus radiata (radiata pine) weatherboard, 
before and after weathering, measured with the Hunter Labscan 
Spectrocolorimeter. (refer table 4 ). 
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applications and this was probably due to variation in coating penetration which resulted in subtle 
differences in surface phenomena. After one thousand hours weathering the metric lightness factor 
was eighty nine percent; by two thousand hours there was only a one to two percent drop; and when 
three thousand hours had been reached, the coating exhibited approximately eighty seven percent 
metric lightness. The coating on D. cupressinum showed a three percent decrease in lightness factor. 
Inconsistant values recorded for P. dacrydioides may be attributed to the slightly warped nature of the 
boards caused by moisture changes during the weathering cycle. It is notable that by three thousand 
hours the change in hue and chroma (saturation) for all three taxa was greater than the change in the 
lightness factor. For example, the mean values for D. cupressinum after three thousand hours were 
approximately L* 87 a -1 b* +8 indicating that visually the surface colour had become more "greenish 
blue" and less "yellow" with age. 
The colour changes that occurred in weathered wood were recorded for the three taxa and are 
plotted in figures 58 [B], 59 [B] and 60 [B]. UnweatheredD. cupressinum wood is much "redder" than 
the other two taxa. The average lightness factor values for D. cupressinum, P. dacrydioides and P. 
radiata were 63%, 74% and 77% respectively. After three thousand hours weathering there was a 
significant decrease in the metric lightness mean values. A fifteen percent decrease was recorded for 
D. cupressinum and twenty two percent decrease for both P. dacrydioides and P. radiata suggesting that 
the latter two substrates are more prone to change. Visually all three taxa exhibited the yellowing-
browning effect characteristic of the initial stages of weathering of wood. After three thousand hours 
the plot positions shifted towards the yellow region for D. cupressinum and P. radiata but towards the 
red region for P. dacrydioides. It is concluded that the machined surface of D. cupressinum wood 
possesses the lowest metric lightness values compared to P. radiata board surfaces which have the 
highest. 
6.4 CHROMATICITY 
A defmition of chromaticity is given in appendix 9 which also contains a modified version of the 
CIE chromaticity diagram showing the position of the standard illuminant D65 which represents 
daylight with a correlated colour temperature of 6500 kelvin units. Defining equations for the colour 
systems are given in method 2.15. 
Figures 61 to 64 depict chromaticity diagrams for coated, uncoated, weathered and 
unweathered boards. Refer to table 4 for the mean values for each taxon. In the Y x y colour 
system, Y is the lightness factor expressed as a percentage based on a perfect reflectance of a hundred 
percent. Figure 61 shows the chromaticity diagram for one coat applications of Ti02 tagged Wattyl 
Estapol on D. cupressinum, P. dacrydioides and P. radiata boards weathered for two thousand hours. 
The mean Y values were 67%, 61% and 67% respectively (table 4.2) and if these values are compared 
t .... 
.... 
'." 
.... 
.... 
.... t.tO ',)0 . ... 
O.SO 
0.48 
Y SYMBOLS 
r " .. 
0.44 
Q - 1 coat, weathered.2000 hrs (r!mu) 
g - 1 coat, weathered ~OOO hrs (pInus) 
0:::» - 1 coat, weathered 2000 hrs (kah!katea) 
0.42 
0.40 
0.38 
0.36 
0.34 
0.32~-----+---~------+-----~r------+------~---+----~--~-----~ 
0.30 
0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 
(x & yare the chromaticity coordinates) ---+! x 
FIGURE 61 CHROMATICITY DIAGRAM 
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The star in graph A marks the position where weathered and coated 
Dacrydium cupressinum (rimu), Pinus radiata (radiata pine) and 
Podocarpus dacrydioides (kahikatea) boards plot on the chromaticity 
diagram. Grid square B is an enlargement of area * 
Measurements were made on the Hunter Labscan Spectrocolorimeter 
(see Table 4). Coating - Ti02 tagged Wattyl Estapol Exterior Clear. 
y .... 0.40 
t ~~. y 
0.38 
B 
r 
0.36 
0.34 f 
0:'32 
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0.30 
0.30 0.32 0.34 0.36 0.38 0.40 
. : -----~) x 
(x & yare the chromaticity coordinates) 
.... ----
.... t.U '.n '." .... '." ... . ... 
O.S 0 
0.4 B 
y 
6 
4 I 0,.4 0.4 
0.42 
0.40 
0.38 
0.36 
0.34 
0.32 
0.30 
SYMBOLS 
o - 2 coats, unweathered 
8 - 2 coats, weathered 1000 hrs 
V - 2 coats, weathered 2000 hrs 
• - 2 coats, weathered 3000 hrs 
@. uncoated, unweathered board 
.- uncoated, weathered 3000 hrs 
• 
@ 
C 
0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 
(x & yare the chromaticity coordinates) 
--_IX 
FIGURE 62 CHROMATICITY DIAGRAM. 
The stars in graph A mark the position where both weathered and 
unweathered coated and uncoated Dacrydium cupressinum (rimu) 
weatherboard plot on the chromaticity diagram. 
Grid square .B Is an enlargement of are~ ~ 
Grid square C Is an enlargement of area 
Measurements were made on the Hunter labscan Spectrocolorlmeter (see 
Table 4 ) Coaling - TI02 tagged Wallyt Estapql Exterior Clear. 
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Ix & yare the chromaticity coordinates) 
0.50 
0.48 
y 
I 0.46 0.44 
0.42 
0,40 
0.31! 
0.36 
0.34 
0.32 
0.30 
SYMBOLS 
o - 2 coals, unweathered 
o - 2 coats, weathered 1000 hrs 
U - 2 coats, weathered 2000 tns 
•• 2 coats, weathered 3000 hrs 
~ - uncoated, unweathered board e- uncoated, weathered 3000 hrs 
• @ 
c 
0.30 0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 
(x & yare the chromaticity coordinates) -----+, X 
FIGURE 63 CHROMATICITY DIAGRAM. 
The stars in graph A mark the position where both weathered and 
unweathered coated and uncoated Podocarpus dacrydioides (kahikatea) 
weatherboard plot on the chromaticity diagram. 
Grid square B Is an enlargement of area' ~ 
Grid square C Is an enlargement 01 area 
Measurements were made on the Hunter Labscan Spectrocolorlmeter 
(see Table 4) Coating - TID.:;! tagged Watlyl Estapol exterior Clear. 
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SYMBOLS 
o • 2 coats, unweathered 
o • 2 coats, weathered 1000 hrs 
g • 2 coats, wealhered 2000 hrs 
•• 2 coats, weathered 3000 hrs 
@. uncoated, unweathered board 
•• uncoated, weathered 3000 hrs 
• 
c 
0.30 0.32 0.34 0.36 0.3~ 0.40 0.42 0.44 0.46 0.48 0.50 
(x & yare the chromaticity coordinates) ----+1 'x 
FIGURE 64 CHROMATICITY DIAGRAM. 
The stars in graph A mark the position where both weathered and 
unweathered coated and uncoated Pinus radiata (radiata pine) 
weatherboard plot on the chromaticity diagram. 
Grid square B Is an enlargement 01 area' .; 
Grid square C Is an enlargement 01 area 
Measureme'lts were made on the Hunter Labscan Spectrocolorlmeter 
(see Table 4 ) Coating - TI02 tagged Wattyl Estapol Exterior Clear. 
to those obtained for the two coat applications, weathered for the same period of time, the lightness 
factor Yvalues were 71%, 72% and 72% respectively (table 4.3). It is interpreted that the number 
of coats applied to the substrate determines the degree of reflectance and that weathering lowers the 
percentage of light that is reflected. Thinner ftlms are more prone to loss of reflectance. 
Figures 62 [B], 63 [B] and 64 [B] are details of chromaticity diagrams for two coat applications 
weathered for one thousand, two thousand and three thousand hours (refer table 4.3). The mean 
lightness factor Y value for the unweathered coating is 75%; after three thousand hours weathering 
the mean values had dropped to 71%, 74% and 72% respectively for D. cupressinum, P. dacrydioides 
and P. radiata coated boards. The x and y chromaticity values were plotted on the diagrams for 
comparison among taxa. Similar conclusions can be inferred from the results obtained with the 
Chromaticity Y x y colour system and with the L * a* b* system; i.e. as the process of weathering 
proceeds, the percentage of luminous reflectance is lowered and there is a change in chromaticity. 
Figures 62 [C], 63 [C] and 64 [C] are details of chromaticity diagrams for uncoated, 
unweathered and weatheredD. cupressinum, P. dacrydioides andP. radiata wood (refer table 4.1). 
The percentage light reflectance (Yvalues) decreased from 32%, 48% and 53% to 17%, 20% and 
23% respectively for the three taxa, indicating that by three thousand hours the reflectance was 
approximately half the original value. It is notable that P. radiata wood still possessed the highest 
reflectance value after three thousand hours accelerated weathering. The numerical values plotted 
on the chromaticity co-ordinates x and y increased slightly for all three taxa after three thousand hours 
confirming the colour change associated with weathering processes. 
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There is a tendancy in the literature to assess visual changes in the properties of weathered 
coatings such as surface disfigurement, discolouration, colour change, gloss retention, qualitatively 
either with the aid of photographic standards or rated according to a ten point index system. The 
Glossgard system is a more accurate method enabling quantitative comparisons to be made for gloss 
evaluation. The loss of gloss after two thousand hours weathering is recorded for both two coat and 
one coat applications in appendix 10. The mean values for D. cupressinum, P. dacrydioides and P. 
radiata boards are compared with those for coated, unweathered boards. The results suggest that the 
wood substrate influences the original gloss level of the coating. D. cupressinum coated (two coats) 
unweathered boards retained the full gloss level of the coating whereas there was a slight decrease in 
gloss level after the coating was applied to P. dacrydioides and P. radiata wood. After two thousand 
hours weathering, the gloss level for all three taxa with two coats remained in the "gloss" range. But 
boards with only one coat exhibited further loss of gloss, with P. dacrydioides falling into the "semi-
gloss" range. Thus it is concluded that gloss retention is affected by accelerated weathering 
conditions and the substrates. 
6.5 FOURIER TRANSFORM INFRARED ( FTIR ). 
To determine whether any chemical changes occurred in the coating during the three thousand 
hour weathering trials, infrared spectroscopy was considered a suitable method [Nakanishi, 1962; 
Miller & Stage, 1972; and Krishnan, 1984], (refer methods 2.16 and 2.17). 
Infrared radiation in the 4000-666 cm -1 range is absorbed by organic molecules in varying 
amounts and characteristic frequency bands produced as a result of molecular vibration (stretching and 
bending) and rotation. Band position in infrared spectra are presented here as wavenumbers (unit 
cm-1) and are directly proportional to the energy of vibration. Band intensities are expressed either 
as transmittance or absorbance [log10 reciprocal transmittance]. Shifts in absorption position and 
changes in intensity of bands may suggest chemical structural changes which in this study would be a 
result of weathering. Consultation of tables of "characteristic frequencies" published in the literature 
(Silverstein et aI, 1981) were used here to assign names to the peaks in the spectral printouts. The 
two regions deemed important for preliminary examination of a spectrum are 4000-1300 cm-1 and 909-
650 cm -1. Characteristic 'stretching frequencies' of 0-H, N -Hand C = 0 functional groups occur in 
the higher frequency portion and aromatics in the lower frequency region. The intermediate section 
of the spectrum, 1300-909 cm-1 is known as the "fingerprint" region and commonly has a complex 
absorption pattern arising from interacting vibrational modes of COO and C-H stretches. 
Both FTIR and ATR spectra were obtained in this study. FTIR is a more sensitive technique 
as it scans deeper into the substrate and the corresponding spectra is more detailed. Compare figure 
65 [A] and [B]. The Ti02 tagged Wattyl Estapol is a long soya oil alkyd. The resin is produced by 
converting the soya oil to the monogiyceride form by the addition of glycerol to soya oil and then 
polymerising the monoglyceride with phthalic anhydride to form the alkyd. Direct comparison with 
the spectra of known structures is useful in interpretation. For example, the standard spectrum for 
soya bean oil, as depicted in the published spectral atlas, resembles that of this coating, in particular 
the carbonyl region; while the standard spectrum for rutile titanium dioxide echoes that observed in 
the 700 to 400 cm -1 region. Not all bands in a spectrum can be readily assigned and it is usual to 
defme only the most prominent peaks and locate any other peaks associated with them. The 
characteristic carbonyl band occurs near 1725 cm -1 and it is noted that in the unweathered coating the 
FTIR spectrum has a strong band in the carbonyl region at 1735.9. Justification in accepting this 
band as a carbonyl band lies in the established fact that carbonyl bands are known to display high 
intensity and this part of most infrared spectra is generally free from other absorptions. The band 
peaking at 1616.3 may be assigned to C-H stretching frequencies. The bands peaking at 1465.9 to 
1346.3 are of doubtful value for diagnostic purposes, however it is noted that the band peaking at 
1465.9 may be due to CHz deformations. The band of high intensity at 1265.3 can probably be 
assigned to the CoO stretching frequency while the band peaking at 1118.7 is probably a C-C stretching 
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Figure 65 FTIR and ATR spectra of unweathered Ti02 tagged Wattyl Estapol. 
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Figure 66 FOURIER TRANSFORM INFRARED (FTIR) spectra. 
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Figure 67 Fourier transform infrared (FTIR) spectra. 
Podocarpus dacrydioides COATED WITH Ti02 TAGGED 
WATIYL ESTAPOL,. 
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Figure 68 Fourier transform infrared (FTIR) spectra. 
Pinus radiata COATED WITH WATTYL Ti02 TAGGED ESTAPOL. 
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frequency. The band pattern of aromatic compounds is normally sufficiently well dermed to permit 
at least tentative conclusions to be reached. Numerous bands between 600-400 cm -1 are indicative of 
the aromatics. 
Figures 66 to 68 depict spectra of the coating on D. cupressinum, P. dacrydioides and P. radiata 
weatherboards after one thousand, two thousand and three thousand hours artificial weathering. 
Spectra of the unweathered coating applied to the three weatherboard taxa is included for comparison 
for slight variation may exist in the original coatingJsubstrate interaction. 
Band intensities of FUR spectra are given as absorbance and can be directly compared with 
the ATR spectra. Frequencies in the 4000-500 cm -1 region are presented. The peaks in the 3600-
3250 cm-1 region are due to the H20 absorbed into the KBr pellet. The peaks at 2929.9 and 2856.6 
may be assigned to C-H stretching frequencies. 
The FTIR spectra for coated D. cupressinum, P. dacrydioides and P. radiata after three 
thousand hours weathering is essentially the same. The absorbance base lines have been normalized 
to zero in figures 66 [A & B] and 68 [C & D] and show virtually identical spectral patterns for two 
thousand hours and three thousand hours. 
6.6 A'ITENUATED TOTAL REFLECTANCE ( ATR) 
Figure 65 [B] shows the ATR spectra of the unweathered coating. A TR spectra of the 
coating on D. cupressinunl, P. dacrydioides and P. radiata weatherboards after one thousand, two 
thousand and three thousand hours of artificial weathering are presented in figures 69 to 71. The 
ATR spectra for all three taxa after three thousand hours weathering is essentially the same. 
However, slight trends not detected by the FTIR technique are visible because the ATR technique is 
able to detect surface changes. Peak height of certain groups such as the carbonyl band at 1735.9 cm-
1 show a decrease in intensity and the rutile titanium peak a corresponding increase with weathering. 
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FIGURE 69 Attenuated total reflectance ( ATR ) spectra. 
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FIGURE 70 Attenuated total reflectance ( ATR ) spectra. 
Podocarpus dacrydioides COATED WITH Ti02 TAGGED 
WATTYL ESTAPOL. 
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FIGURE 71. Attenuated total reflectance (ATR) spectra. 
Pinus radiata COATED WITH Ti02 TAGGED WATTYL ESTAPOL. 
6.7 SCANNING ELECTRON MICROSCOPE STUDY OF WEATHERED 
COATING/SUBSTRATES. 
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Figure 72 compares D. cupressinum, P. dacrydioides and P. radiata weatherboards before and 
after accelerated weathering tests. The upper three sets of micrographs compare unweathered, 
uncoated boards with boards that have undergone weathering for a duration of three thousand hours, 
being the maximum period of weathering performed in this study. The top set of three micrographs 
represents typical examples of the quality of machining received by the three taxa during board 
preparation. Intertracheid bordered pits and tracheid to ray cross-field pits are visible on the 
unmodified cell walls. After three thousand hours the wood has changed significantly. P. radiata 
has the softest wood and so exhibits the greatest change. If the pith is present in a board, weathering 
will cause it to shrink within the timber and it will eventually fall out (Thorpe et al , 1987). The 
second and third trio of micrographs are increasing magnifications which accentuate the structural 
changes that have occurred. 
During the course of weathering, wood becomes rough, the grain lifts, the resin canals 
separate from the surrounding elements, checks develop, grain loosens, failure occurs parallel to the 
grain, boards cup and warp and eventually the wood splits due to the loss of surface coherence. 
Close examination of the electron micrographs shows that by three thousand hours the cell wall layers 
have separated and cell voids and lumens have enlarged, particularly in the thin walled earlywood 
tracheids and ray parenchyma cells. The strength of the cell wall bonds is destroyed near the surface 
of the board where intercellular and intracellular cracks and checks have been produced. The 
earlywood and latewood boundaries are areas of greatest weakness and have started to move apart. 
The formation of longitudinal checking between walls of adjacent tracheids in the vicinity of the middle 
lamella region is evident in the third set of micrographs. Intercellular failure is characterized by the 
separation of cells at the middle lamella junctions; it appears to be initiated in the vicinity of rays and 
proceeds above and below them. As weathering proceeds the arch-like skeletal pattern produced will 
become more pronounced. In some cases the earlywood middle lamella remained intact during the 
early stages of weathering; in other cases the middle lamella appears more susceptible to degradation 
than the secondary wall. Weakening of intercellular bonding is greatest at the cell corner middle 
lamella region. Intrawall breakdown occurs in the secondary wall and is associated with Sl' S2 and 
S3 layer separation. The microfibrils, which are the most stable components, are still intact after 
three thousand hours of weathering. 
The pit chamber of bordenlpits in the wall of earlywood tracheids occupies a larger area of the 
wall and hence earlywood pits are more prone to kinking (Harris, 1981) during deformation. After 
three thousand hours of weathering, it is evident that the apertures of the bordered pits in the radial 
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walls of tracheids have enlarged almost to the limit of the pit chambers. The circular bordered pits 
may be more resistant to stresses than the elliptical half bordered cross-field pits. Diagonal 
microchecks, exhibiting a comb-like structure, pass through the bordered pits suggesting that the 
microchecks originate at the fibril angles of the S2 wall layer and may be a consequence of local 
variations in concentrations of tensile strength. Cross-field pit apertures coalesce with continued 
exposure. It is notable that after three thousand hours of weathering, proflle views of boards coated 
with two coats of finish revealed no evidence of loss of adhesion. The wood structure underneath 
appeared unaffected and resembled that of unweathered wood, indicating the protective nature of the 
two coats was still functional. 
The fourth photographic set depicts the three taxa with two coats of finish in an unweathered 
state. A comparison of sets five and six show that after two thousand hours of accelerated 
weathering, the presence of one or two coat systems did not visually reveal any structural changes on 
the coating surface. This indicates that a longer period of weathering is therefore required for 
structural changes to manifest themselves. Sets six, seven and eight show the effect of weathering on 
boards with two coats of finish after one thousand hour, two thousand hour and three thousand hour 
intervals. From these observations it is concluded that microscopically there is no visual change on 
the coating surface after three thousand hours weathering. 
As part of the recommended procedure for painting weatherboards it is important that care is 
taken in the painting of the edges. Some weatherboard manufacturers produce boards with sharp 
arrises while others produce boards with rounded arrises. Rounded arrises are preferred because 
paint tends to shrink away further from a sharp arris and leave only a thin film. (B.RA.N.Z.,1978). 
Paint failure in the early stages occurs at the arris (Cassens & Feist, 1980), however, in this study the 
coating was still intact along the board edges after three thousand hours of accelerated weathering. 
6.8 DISCUSSION 
Worldwide, considerable research has been done on the exterior durability and performance of 
an immense range of coating systems, usually related to specific brands, many of which are now 
obsolete, and to coatings formulated to suit the timber species used in that particular country. 
Haslam & Wertham (1931), amongst others, recognised that not only was coating composition 
significant in determining the life of a coating but the macro and microstructure of the wood substrate 
was important as well. Compared to the amount of research on coating service life, much less has 
been reported on the changes that occur within the substrate during the process of aging. As well as 
within and between tree species variability, seasonal variation present in the wood substrate controls 
wood quality and affects performance. In New Zealand, Sinc1air & Chamberlain (1959), Jessop 
(1965), Kerr (1965), Preston & Chittenden (1978), B.RA.N.Z. (1978), Blakeney (1979), Plackett et al 
(1984), Jensen & Whitney (1986) and others have contributed to our understanding of paint 
performance by performing natural and artificial weathering tests on a variety of timber substrates 
including P. radiata, the most widely used species. Detailed descriptions of wood anatomical 
changes as a consequence of aging, however are lacking. Jessop (1956) studied the durability of both 
pigmented and clear coatings used in New Zealand and concluded that the cause of paint failure was 
due more to the nature of the wood than to the paint fIlm. With reference to moisture studies, 
Haagden (1977) also arrived at a similar conclusion that wood was the determining partner. These 
theories, are subject to debate, and there is as yet no consensus of opinion as to whether the coating or 
the substrate has greater influence, or whether both are equally important. 
Visual assessment of discolouration of coatings and wood substrates provides qualitative 
information on the state of the product. Light fastness refers to the ability to withstand colour 
change on exposure to light; and fading refers to the colour change that involves a lightening or 
weakening of colour and may involve a change in hue. Jessop (1956), noted that sunlight and 
temperature cause P. radiata wood to turn brown in the absence of moisture and grey under moisture 
cycling conditions. The actual initial colour changes that occur depends on the original colour 
exhibited by the wood substrate species. Feist & Hon (1984) described the yellowing or browning 
and eventual greying of Ponderosa pine and southern yellow pine wood as weathering proceeds and 
attributed it to the chemical decompositon of lignin and increase in cellulose content in the cells near 
the surface of the board. Visible light has been estimated to penetrate wood up to 200,.um but 
ultraviolet light can only penetrate wood to a maximum depth of 75,"m (Feist & Hon, ibid). They 
noted that usually the grey colour of weathered wood only extends to a depth of 0.10 to 0.25 mm and 
the dark brown layer immediately underneath extends to a depth of 2.5 mm. During natural 
weathering processes, exposed wood undergoes photodegradation and photooxidative degradation. 
Degradation reactions are a surface phenomenon. 
The primary function of a primer is to bond, the secondary function is to seal the surface of the 
wood and reduce the rate of change of moisture content (Jensen, 1986). Subsequent coats fIll minor 
imperfections and should bond with the fIlm underneath. A coating protects the timber from 
excessive expansion and contraction and associated dimensional changes. The performance of a 
coating is dependant on the wood substrate remaining dry during service (Miller, 1983). Haagden 
(1977) stressed that the form of the horizontal profIle of weatherboards determines the wood 
behaviour. Cassens & Feist (1980) pointed out that coatings perform better on quarter sawn boards 
than on flat sawn boards. 
The lower density earlywood bands shrink and swell at a greater rate than the denser latewood 
bands. Growth ring boundaries are areas of high stress. In the early stages of a coatings life it is 
soft and elastic; it can move sympathetically with the timber and is capable of adjusting to the change 
in moisture content in the wood on which it was applied; but with age it becomes more brittle. It has 
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been suggested that oil based coatings are more impermeable to the uptake and loss of moisture 
(Blakeney, 1979). Plackett & Blakeney (1987) reported that oil based primers exhibit a greater 
tendency to embrittIement and will eventually crack due to wood expansion and contraction. They 
noted that clear ftnishes based on epoxy resins were not as flexible as acrylic clear finishes. Miniutti 
(1963) argued that coating in the cavities of cells below the surface does not prevent movement of 
water from cell to cell and that if water entered through the back of the board or via cracks in the 
coating fUm the swelling of wood cells would not be prevented. 
For years it was thought that oil based primers, which were formulated with up to sixty to 
seventy percent oil content, mechanically anchored the film to the substrate (OCCA, 1974). But 
subsequent research disproved this showing that an oily primer can vary in composition across a 
substrate of differing porosity and is ultimately subject to adhesion problems (OCCA, ibid). Haslam 
& Werthan ( 1931 ) deduced that deep penetration of the coating did not prevent the loss of film 
adhesion with time. They noted that although the depth and irregularity of penetration could be 
increased by the addition of mineral spirits, which decreased the viscosity of the vehicle, "dry spots" 
were produced in those areas suffering from fUm composition depletion. Underhaug et al (1983) also 
concluded that coating adhesion was not improved by good penetration in spruce (Picea abies). 
Whether coating penetration is crucial to the service life of the fUm is still the subject of much 
speculation. 
In evaluating coating performance, numerous variables must be considered with reference to 
the purpose and conditions of the service of the coating. In the past, coating aging phenomena was 
assessed qualitatively by scales, ranking methods and accompanying descriptions. Later diagrams of 
standard features were published in several languages (Talen, 1963) to facilitate interpretation of 
results and aid comparisons. However it was not until quantitative techniques were devised, that 
accurate assessment of subtle yet invisible changes could be made. Zichermann & Thomas (1972) 
used the SEM to examine in detail macroscopic changes that occurred on the surface of coated loblolly 
pine (Pinus taeda) boards. Because after three thousand hours weathering, the Ti02 tagged Wattyl 
Estapol coating did not display any visual changes such as chalking, cracking, checking, blistering, 
flaking, waterspotting and other features commonly associated with film aging, these phenomena will 
not be further elaborated. 
Schneider & Cote (1967) speculated that if the fUm composition remained constant throughout 
the entire level of penetration in the wood, then its performance would be dependant on its 
formulation but if preferential migration of coating components occurred then the original function is 
limited. Ball (1980) postulated that the interactions of the components of a coating are often 
responsible for its breakdown. Present day research in the coatings industry is focused on the topic 
of photodegradation (Hedley, 1987). lJltraviolet stabilizers are added to clear coatings to protect 
them against the effect of ultraviolet light. Williams (1983) stressed that the photochemical stability 
of the surface beneath a coating was critical for coating durability. 
Because the novel coating system studied here had Ti02 added to the formulation it was 
altered from a "clear fmish" to an opaque coating thus any comparison made to coating behaviour is 
made with reference to pigmented systems rather than clear finishes. 
Titanium dioxide constitutes a major part of pigmentation and its photoactivity contributes to 
the weathering performance of the fmish. Moisture content is essential to the photocatalytic 
processes involving titanium dioxide, hydroxyl ions adsorbed on the pigment surface react with 
electrons released by ultraviolet radiation (Blakey, 1985). Accelerated weathering tests tend to 
reproduce only those wavelengths present in the sunlight that are crucial for deterioration of coatings 
(Birchenough, 1986). 
Each pigment and the binding medium present in a coating has its own characteristic 
absorption spectra. Titanium dioxide in a coating acts as an internal filter (Neville, 1963). 
Depending on the coating system, film failure is either caused by chalking in which the binder is totally 
decomposed and the pigments and extenders are consequently lost, or by embrittlement caused by 
further polymerization of the binder and eventual cracking of the film. Hoffmann & Saracz (1969, 
1970) assessed the weathering performance of selected paint films and concluded that the radiation 
band causing total decomposition depended on the pigment used. Both anatase and rutile titanium 
dioxide particles have different wavelengths. In general, the wavelengths that caused total 
decomposition lay between 300 and 400 nm. They found that under natural and accelerated 
weathering conditions, the rate of chalking of mixtures of anatase with rutile titanium dioxide 
decreased exponentially as the proportion of rutile titanium dioxide increased. 
There are two main ultraviolet radiation induced mechanisms which contribute to coating 
breakdown: (i) photochemical degradation and (H) photocatalytic degradation. In photochemical 
degradation, ultraviolet radiation acts directly on the binder without influence from the pigment. 
For example, in oil modified alkyds, the aromatic part of the alkyd is rapidly degraded by radiation 
below 250 nm but if radiation is above 295 nm then the aliphatic components are more suscept i ble to 
degradation (Blakey, 1985). Thus in natural sunlight, which contains only a small portion of 
ultraviolet below 300 nm, degradation is most likely to be initiated in the aliphatic component. The 
ultraviolet stabilizer incorporated into the Ti02 tagged Wattyl Estapol coating is 2,2' dihydroxy-4-
methoxy benzophenone. Whether photochemical or photocatalytic degradation activity predominates 
depends on the ratio of pigment photoactivity to ultraviolet absorption by the resin. Degradation by 
whatever mechanism will ultimately result in the loss of gloss as the pigment particles are exposed at 
the surface of the film. 
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CHAPTER 7 
Conclusion 
Schneider (1972) wrote that although there is clear evidence about the nature of wood/coating 
interactions " ... much remains in the realm of speculation and untested theory ... " 
Gooch (1980) postulated that " ... the successful coating of timber starts with the forester with his sylvicultural 
methods. It continues at the timber mill with the method of cutting the logs. The timber treater plays his part as does the 
designer of the timber profiles. The care of the timber then passes into the hands of the builder, the carpenter and finally the 
painter. All must play their parts conscientiously ... " 
Rarris (1974) predicts that " ... wood in one form or another will long continue to provide a substrate for surface 
coatings ... " 
and Talen (1963) stated that " ... there is no single method for the prediction of paint performance ... " 
The complex interaction of coating systems and wood substrates is environmentally, physically, 
chemically and biologically controlled. The variables are numerous and some of the important 
factors determining the behaviour are: coating formulation, composition, pigmentation, pigment 
volume concentration, solvent choice, rheology, viscosity, thixotropy, contact angle, application 
treatment, wetting ability, penetration ability, substrate adhesion, number of coats, bonding of 
subsequent coats, curing method, drying time, timber species, wood density, wood grain, texture, 
growth ring boundary pattern, heartwood/sapwood, earlywood/latewood, age of wood, wood 
anatomy, wood ultrastructure, wood porosity, presence of knots, resin canals, extractives, machining 
quality, substrate orientation, rough sawn or dressed timber, flat sawn or quarter sawn, chemical 
stability of the wood, seasoning, wood moisture content, untreated or preservative treated, depth of 
penetration of coating, gross and/or intracellular penetration, migration of coating and/or wood 
components, extraction, aging phenomena, weathering phenomena, deterioration, degradation, 
effect of temperature, ultraviolet light, oxygen, moisture, diurnal and seasonal changes. 
Some of the more salient features deduced from this investigation are summarized here. 
The survey of the seven primer systems on D. cllpressillllnt, P. dacrydioides and P. radiata 
weatherboards revealed no significant difference in penetration depth among taxa and that gross 
penetration of the coating was limited to three cells deep. Because of their larger dimensions, 
earlywood tracheid cell lumens are more easily ruled than the smaller lumened latewood cells. 
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Mean contact angles ranged between 20-28 degrees and were statistically shown to be 
significantly different among the eight coating systems. Although Duncan's New Multiple Range 
Test was not sensitive enough to distinguish major differences at the P=0.05Ievel, it singled out 
Epiglass 1st coat wood primer, Epiglass G.P.182 oil based alkyd primer and Taubmans wood primer as 
of greater significance than the other five coating systems studied. 
Coating viscosity and contact angle alone did not control depth of penetration. It is 
postulated that coating composition, pigment grade and particle size may limit depth of entry. Paint 
fIlm structure and pigment dispersion in the fmal product depends on the intrinsic particle shape and 
the concentration of pigment particles in the medium. Pigment milling, whether dry grinding or wet 
grinding, may cause aggregation, agglomeration or air flocculation of particles. Although it is not 
yet possible to examine liquid paints directly with an electron microscope, to determine whether the 
clusters of pigments seen in a cured dry film were also present or whether they only develop during 
drying, other analytical methods have been adopted by the coating industry. For example, liquid 
nitrogen freezing techniques have demonstrated that although the state of dispersion and individual 
particle separation is incomplete in a dried film, the small clusters of pigment particles behave as 
separate entities of high stability. Certain pigments may be associated with high molecular polymer 
regions of the coating fIlm. 
The three water based primers and the four solvent based primers all exhibited similar 
behaviour on the wood substrates, by contrast, the Ti02 tagged Wattyl Estapol showed good 
penetration potential. The percentage of rutile titanium dioxide was greater in the primers than in 
the Wattyl Estapol alkyd. Backscattered electron images showed that the texture of the cured 
primers was much coarser than that of the Ti02 tagged Wattyl Estapol coating. Normally Wattyl 
Estapol is manufactured as a clear finish and thus contains all the attributes of a clear fIlm forming 
coating but the addition of rutile titanium dioxide altered it into an opaque coating. 
The quality of timber machining, substrate orientation (tangential and radial longitudinal 
faces), the slope of the tracheid fIles relative to the board surface, type of weatherboard mounting 
chosen (whether 'u'-type or 'n'-type profIles) were all considered as important features determining 
coating/substrate relationships. All the upper rows of coating filled cells in the vicinity of the 
coating/substrate interface would have either been opened by machining or emerged at some point on 
the board surface to produce tube-like structures possessing the ability to facilitate liquid conduction 
into the wood. 
Interspecific variation in wood anatomy of the three taxa was not significant with reference to 
the observed fIlm forming behaviour of the primer systems, however interspecific variation was 
influential in the penetration pattern exhibited by the Ti02 tagged Wattyl Estapol coating. 
Both D. cllpressinllm and P. dacrydioides have longer, narrower tracheid cells compared to P. 
radiata which has shorter, wider tracheids. 
Mean gross penetration depth was statistically shown to be significantly different among taxa. 
Duncan's New Multiple Range Test indicated that with regard to cut, the mean depth of penetration in 
both 'u' and 'n' -type boards is not significantly different between D. cupressinllnt and P. dacrydioides. 
By contrast mean penetration depth for P. radiata 'n' -type boards is significantly different from the 
latter two taxa. The mean penetration depth of P. radiata 'u' -type boards is not significantly different 
from the two endemic taxa with the same proflle cut but significantly different from D. cupressinunt 'n'-
type boards. 
The maximum gross penetration depth recorded across the top surface for D. cupressinllnt 'u' 
and 'n'-type boards is nine cells; the maximum penetration depth for P. dacrydioides is six cells in 'u'-
type boards and thirteen cells in 'n' -type boards. Penetration depth is shallower for P. radiata 
weatherboards, with the maximum depth being eight cells for 'u'-type boards and six cells for 'n'-type 
boards. Extreme maximum penetration occurred on the sides of the boards as seen in proflle view. 
Individual measurements showed that maximum penetration depth varied between samples. 
Electron microscope evidence revealed that variation in gross penetration depth was related to growth 
ring pattern and symmetry with reference to 'pith' position along the board when viewed on the 
transverse face. 
The mean angle made by the tracheid cell length and the substrate face ( coating interface) was 
statistically shown to be significantly different among taxa. Duncan's New Multiple Range Test 
showed that with regard to cut, there was no significant difference among the means for D. 
cllpressinllnt and P. radiata 'u' -type boards and P. dacrydioides 'n' -type boards but significant difference 
between P. dacrydioides 'u' -type boards. D. cllpressillll1n and P. radiata 'n' -type boards are 
significantly different from the other taxa types. 'U' -type boards exhibit a greater mean tracheid cell 
inclination angle than 'n' -type boards. 
The presence of axial parenchyma showed little effect on liquid conduction. Gross 
penetration along ray parenchyma cells was variable both among and within taxa. Deep penetration 
appeared to be associated with ray parenchyma cells widened and separated from adjacent cells during 
the process of machining, to yield fissures permitting coating entry. The presence of coating in 
tracheid lumens located a considerable distance below the coating interface were often associated with 
adjacent ray parenchyma cells whose cross-field pit apertures may have been opened as a consequence 
of mechanical stress. Of the three taxa, the wood of P. radiata is most easily distorted during 
machining and the rays of this taxon exhibited the longest penetration distance. If the angle of the 
ray cell is at right angles to the coating interface then bulk coating entry into the "tubes" is made more 
accessible than into "tubes" lying at oblique angles to the surface. 
The chief function of a solvent in a pigment/film-former/solvent combination, is to adjust the 
viscosity of the suspension and evaporate at a later stage. Solvents not only thin the coating and help 
"wet" the wood surface, but contribute to lumen penetration phenomena. 
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Scanning electron and transmission electron microscope evidence of tracheid cell walls are in 
accordance with previous reports that wood preservatives are distributed within the cell wall and may 
line the cell lumens as well. 
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Energy dispersive X-ray analysis of the key elements present in the coatings confIrmed 
microscopic observations that the smallest sized titanium dioxide and other pigment particles present in 
the coating, accumulate along any irregularities on the cell wall, such as warts and thickenings. 
To establish the extent of intracellular wall penetration, migration, or localisation of coating 
components and whether the coating mm composition is constant throughout the entire level, 
techniques such as X-ray micro analysis are required in addition to electron microscopy. 
All the components of the coatings appear to enter the cell cavities but only the liquid portion 
of suitable molecular size are capable of passing through the intertracheid pits. There is still 
unresolve d debate on the porosity of the secondary wall. The S3 cell wall layer is believed to be an 
area of low porosity due to the high lignin concentration present and thus thought to act as a barrier to 
diffusion. 
The intertracheid bordered pits in all three taxa are predominantly distributed along the 
tracheid wall in uniseriate fashion. If the torus is still suspended in the normal median position then 
the coating particles of certain molecular size can pass between the radiating microfibrillar mesh of the 
margo. Pit aspiration inhibits penetration. It is theorized that the presence of deep penetration 
may be attributed to the number of ruptured pit membranes previously destroyed during board 
preparation thus enabling bulk movement. The observed presence of adjacent coated cells separated 
by walls containing pits with intact pit membranes is thought to be the result of separate flow routes. 
The coating path into the wood is not only controlled by the number of opened pits but the orientation 
and angle of the substrate, i.e., whether tangential, oblique or radial faces are presented to the 
coating. 
Statistical analyses indicated that correlations between coating penetration depth and tracheid 
cell row growth direction; and between coating/substrate tracheid cell inclination angle and tracheid 
cell row growth direction were insignificant. 
The size of cross-field pits varies along the tracheid length when viewed on the tracheid lumen 
face and this depends on the timber species and whether it is taxodioid, cupressoid or pinoid type. 
Both D. cupressinum and P. dacrydioides may possess large taxodioid cross-field pits between ray 
parenchyma and tracheid cells. It has been observed in D. cupressinum that narrow bordered cross-
field pits with very wide apertures are located near the tips of tracheid files. Therefore it is 
postulated that if these pit membranes were broken during timber processing, then they represent 
accessible entrances. 
Several schools of thought on intracellular coating penetration have been discussed. 
Accelerated weathering tests were performed on the wood substrates. 
Scanning electron microscopy revealed macro and micro structural changes in the wood and 
showed that P. radiata was most prone to aging phenomena. Visually observed changes in the wood 
of all three taxa were confirmed quantitatively by spectrocolorimetric techniques and the results are in 
agreement with that expected for early stages of weathering. It is notable that P. radiata wood 
retained the highest light reflectance value after three thousand hours artificial weathering. The 
durability of the Ti02 tagged Wattyl Estapol coating was evaluated after three thousand hours. Its 
satisfactory performance is attributed to the incorporation of ultraviolet stabilizers into the coating 
formulation and the addition of rutile titanium dioxide. As expected, the number of coats applied to 
the substrate is affected by weathering. One coat applications showed the greatest changes with 
regard to reflectance, chromaticity and gloss retention, compared to two coat applications. The 
wood morphology and structure underneath the coating remained unaltered after three thousand hours 
weathering. Chromaticity studies indicated that two applications of coating on P. radiata wood 
retained higher light reflectance values than those of D. cllpressill11m and P. dacrydioides with two 
coats, that were weathered for three thousand hours. Scanning electron microscope examination of 
the surfaces of boards which received two applications of the Ti02 tagged Wattyl Estapol coating 
revealed that after three thousand hours weathering, there was no significant difference between the 
three taxa; the coating was still intact and surface changes were absent. 
FrIR and ATR spectroscopic techniques showed that the changes detected in the intensities of 
the major functional groups present in the coating were very minor. 
To conclude, the Ti02 tagged Wattyl Estapol alkyd exhibited good penetration ability and 
performed well in the standard weathering tests; but the high cost of producing this special coating for 
exterior use will restrict its commercial viability. 
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APPENDIX 1.1 
DULUX PRIMERCRYL 100 % ACRYLIC. 
A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM/EDXA) 
* ABBREVIATIONS * 
CPS - counts per second; plB - Peak to Background ) 
ZAF - Atomic number,Absorption & Fluoresence corrections) 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (Cp S) P/B RATIO 
P K 12.248 194.173 0.063 
S K 4.866 42.271 0.115 
Ca K 198.262 153.922 1.288 
Ti K 599.551 84.194 7.121 
Zn K 52.069 229.393 0.227 
ELEMENTS ATOMIC % RELATIVE CONC. 
p K 0.032 
S K 0.011 
Ca K 0.315 
Ti K 0.842 
Zn K 0.079 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F 
p 
S 
Ca 
Ti 
Zn 
K 0.017 1.040 0.217 1.022 p 
K 0.006 1.070 0.264 1.034 S 
K 0.212 1.065 0.701 1. 131 Ca 
K 0.678 0.979 0.574 1.005 Ti 
K 0.086 0.968 0.682 l •. OOO Zn 
DULUX PRlMERCRYL 100% ACRYLIC. w.h. 
Ti-K,c 
Ca-K,t 
Zn-K.c 
X-ray energy (keV)-
B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
ELEMENTS 
K 7.905 
K 2.224 
K 21.134 
K 61.995 
K 6.743 
Zn-Kp 
APPENDIX 1.2 
EPIGLASS WATER BASED WOOD PRIMER. 
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( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM!EDXA) 
Energy range a - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CPS) plB RATIO 
Al K 43.020 47.456 0.907 
Si K 57.785 25.607 2.257 
S K 59.755 61.063 0.979 
K K 23.869 108.817 0.219 
Ti K 758.575 107.311 7.Q69 
ELEMENTS ATOMIC % RELATIVE CONC. 
Al K 0.037 
Si K 0.036 
S K 0.026 
K K 0.008 
Ti K 0.202 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F ELEMENTS 
Al K 0.078 1.015 0.200 1.016 Al K 
Si K 0.078 1. 048 0.158 1.012 Si K 
S K 0.066 1. 045 0.202 1. 017 S K 
K K 0.023 1. 014 0.373 1.062 K K 
Ti K 0.755 0.956 0.638 1.000 Ti K 
EPIGLASS WATER BASED WOOD PRIMER. w.h. 
Ti-K"c 
X-ray energy ( keV )~ 
( B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
22.303 
25.227 
15.859 
2.687 
33.925 
APPEND I X 1. 3 
TAUBMANS PREMIUM FAST COAT WOOD PRIMER. 
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( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM /EDXA) 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CPS) plB RATIO 
Al K 6.931 49.778 0.139 
Si K 2.288 22.965 0.100 
p K 4.858 23.778 0.204 
Ca K 98.710 Ill. 328 0.887 
Ti K 565.479 63.408 8.918 
Zn K 31.057 202.808 0.153 
ELEMENTS ATOMIC % RELATIVE CONC. 
Al K 0.037 
Si K 0.008 
p K 0.015 
Ca K 0.222 
Ti K 1. 080 
Zn K 0.064 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F 
Al K 0.015 1.040 0.094 1.008 A1 K 
Si K 0.004 1. 073 0.113 1.012 Si K 
p K 0.007 1. 040 0.172 1. 019 P K 
Ca K 0.134 1. 065 0.685 1.149 Ca K 
Ti K 0.778 0.979 0.659 1.004 Ti K 
Zn K 0.062 0.967 0.697 1.000 Zn K 
TlIUBMANS PREMIUM FAST COAT WOOD PRIMER. w.h. 
Ti-J<,.,; 
Ca-K.,( 
Zn-I),c 
X-ray energy ( keY )--+ 
( B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
ELEMENTS 
17.041 
3.171 
3.961 
12.399 
59.015 
4.413 
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APPENDIX 1.4 
DULUX WUNDERPRIME. 
( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEMjEDXA) 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CP S) plB RATIO 
Mg K 4.455 33.107 
Al K 114.707 28.619 
si K 157.933 33.123 
p K 7.917 36.568 
S K 56.625 42.199 
Ca K 9.026 168.516 
Ti K 548.094 79.115 
ELEMENTS ATOMIC % RELATIVE CONC. 
Mg K 0.041 
Al K 0.612 
Si K 0.603 
p K 0.025 
S K 0.155 
Ca K 0.017 
Ti K 0.905 
ZAF CORRECTION ELEMENTS 
ELEMENTS· K Z A F 
Mg K 0.012 1.029 0.178 1.019 Mg K 
Al K 0.196 1. 002 0.261 1.018 Al K 
Si K 0.201 1.034 0.153 1.009 Si K 
p K 0.009 1. 003 O.lOl 1~013 P K 
S K 0.059 1. 031 0.l47 1.009 S K 
Ca K 0.008 1.027 0.412 1. 054 Ca K 
Ti K 0.515 0.944 0.601 1.000 Ti K 
PULUX WUNPERPRIME. a.b. 
Ti-K,,;r;;; 
Si 
l\l 
X-ray energy ( keV ) ------+ 
( B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
0.135 
4.008 
4.768 
0.216 
1.342 
0.054 
6.928 
ATOMIC % 
ELEMENTS 
3.454 
26.444 
32.834 
3.682 
13.465 
0.606 
19.515 
EPIGLASS 
APPEND I X 1. 5 
1 ST COAT WOOD PRIMER. 
193 
( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM/EDXA) 
Energy range a - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CPS) plB RATIO 
Al K 19.365 41. 251 
si K 95.152 24.074 
p K 5.090 27.257 
S K 19.133 32.115 
Ca K 78.323 140.647 
Ti K 665.497 76.997 
Elements Atomic % concentration. 
Al K 0.037 
Si K 0.131 
p K 0.006 
S K 0.019 
Ca K 0.052 
Ti K 0.394 
ZAF CORRECTION ELEMENTS 
ELEMENTS K Z A F 
Al K 0.038 1.014 0.187 1.019 Al K 
si K 0.139 1.046 0.197 1. 010 si K 
p K 0.007 1.014 0.121 1.015 p K 
S K 0.023 1.043 0.175 1.018 S K 
Ca K 0.080 1. 039 0.511 1.090 Ca K 
Ti K 0.714 0.955 0.604 1.000 Ti K 
EPIGLASS 1st COAT WOOD PRIMER. B.b. 
Ti-K"" 
I 
,., 
.... 
. " ~ 
c 
'" .jJ 51 c 
.,.. 
,., 
" ... I 
X 
X-ray energy ( keV 1 ----+ 
( B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
(JEOL JSM - 35 SEM / LINK 290 EDXA). 
0.469 
3.952 
0.187 
0.596 
0.557 
8.643 
ATOMIC % 
ELEMENTS 
13.126 
34.923 
3.297 
7.170 
6.528 
34.056 
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APPENDIX 1.6 
EPIGLASS G.P.182 OIL BASED ALKYD PRIMER. 
( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEMjEDXAJ 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND ( CPS) plB RATIO 
A1 K 33.534 65.384 0.513 
si K 126.623 39.709 3.189 
Ca K 57.409 274.496 0.209 
Ti K 664.966 85.313 7.794 
Fe K 10.039 198.562 0.051 
ELEMENTS ATOMIC % RELATIVE CONC. 
Al K 0.037 
Si K 0.100 
Ca K 0.022 
Ti K 0.228 
Fe K 0.003 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F ELEMENTS 
Al K 0.063 1.013 0.197 1. 019 Al K 19.247 
si K 0.178 1.046 0.168 1.006 si K 43.009 
Ca K 0.056 1.038 0.526 1.093 Ca K 4.381 
Ti K 0.690 0.955 0.648 1.002 Ti K 32.603 
Fe K 0.012 0.967 0.539 1.000 Fe K 0.760 
EPIGLASS G.P. 182 OIL BASED ~D PRINER. s.b. 
Ti-K.c 
1 
>. 
., 
''; 
~ 51 ~ 
~ 
'" 
" .... 
>. 
" 
" I >< 
X-ray energy ( keV ) ~ 
( B ) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
( JSM - 35 SEM / LINK 290 EDXAJ. 
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APPENDIX 1.7 
TAUBMANS WOOD PRIMER. 
( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM~DXA) 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CPS) P/B RATIO 
Al K 8.341 57.777 0.144 
Si K 5.627 35.037 0.161 
S K 6.024 73.434 0.082 
Ca K 52l. 503 146.554 3.558 
Ti K 334.649 103.854 3.222 
ELEMENTS ATOMIC % RELATIVE CONC. 
Al K 0.037 
Si K 0.010 
S K 0.014 
Ca K 0.811 
Ti K 0.460 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F ELEMENTS 
Al K 0.018 l. 015 0.129 1.010 Al K 12.463 
Si K 0.009 1.048 0.157 1.016 si K 4.923 
s K 0.008 1.045 0.322 1.044 S K 1.809 
Ca K 0.575 ! .040 0.703 1.070 Ca K 41.208 
Ti K 0.390 0.956 0.396 1.000 Ti K 39.597 
TAUBMANS WOOD PRlMER SOLVENT BASED. 
1 Ca-K"., 
Ti-K.c 
Ca-Kp 
~V\j'V(~ 
X-ray energy -----> (keV) 
( B) EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
(JEOL JSM - 55 SEM I LINK 290 EDXA). 
APPEND I X 1.8" 
WATTYL ESTAPOL EXTERIOR CLEAR TI0 2 TAGGED. 
( A ) ELEMENTS PRESENT IN THE COATING. (CAMBRIDGE SEM /EDXA) 
Energy range 0 - 20 keV. 
ELEMENTS INTENSITY (CPS) BACKGROUND (CPS) PIB RATIO 
Al K 1.529 12.887 0.119 
S K 7.545 36.624 0.206 
Ca K 3.945 80.612 0.049 
Ti K 341.090 27.041 12.614 
As K 7.857 113.193 0.069 
ELEMENTS ATOMIC % RELATIVE CONC. 
Al K 0.265 
S K 1.189 
Ca K 0.803 
Ti K 86.985 
As K 10.758 
ZAF CORRECTION ELEMENTS ATOMIC % 
ELEMENTS K Z A F ELEMENTS 
Al K 0.003 1.093 0.415 1.003 Al K 0.568 
S K 0.012 1.126 0.753 1.016 S K 1.345 
Ca K 0.008 1.100 0.948 1.140 Ca K 0.659 
Ti K 0.870 1.005 0.981 1.000 Ti K 85.846 
As K 0.108 0.921 0.983 1.000 As K 11.582 
WnTTYL ESTnpOL EXTEnlon CLEnn. Ti02 TAGGED. 
1 
s 
Ti-"", 
X-ray energy ( keV I ~ 
(B EDXA SPECTRUM OF ELEMENTS IN THE COATING. 
(JEOL JSM - 35 SEM / LINK 290 EDXA). 
APPENDIX 1.9 
RIMU WEATHERBOARD (UNCOATED). Dacrydiwn cupressinwn. 
( A ) ELEMENTS PRESENT IN THE WOOD. (CAMBRIDGE SEM /EDXA) 
Energy range 0 - 20 keV. 
ELEMENTS 
Al K 
Si K 
S K 
C1 K 
K K 
Ca K 
Cr K 
Fe K 
Cu K 
Zn K 
INTENSITY (CPS) 
1.804 
9.349 
3.508 
1.456 
26.656 
19.426 
1. 721 
7.429 
1. 919 
4.650 
BACKGROUND (CPS) 
12.112 
13.701 
17.970 
19.310 
26.723 
30.512 
31.339 
31. 323 
28.013 
26.028 
PIB RATIO 
0.149 
0.682 
0.195 
0.075 
0.998 
0.637 
0.055 
0.237 
0.069 
0.179 
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ZAF CORRECTION 
ELEMENTS K Z A F 
ELEMENTS WEIGHT % 
ELEMENTS 
Al K 
Si K 
S K 
Cl K 
K K 
Ca K 
Cr K 
Fe K 
Cu K 
Zn K 
0.016 
0.071 
0.028 
0.012 
0.254 
0.199 
0.027 
0.148 
0.062 
0.183 
RIMU WEATHERBOARD (UNCOATED). 
1 51 
Al 
1.035 
1.065 
1.065 
1.017 
1.018 
1.041 
0.949 
0.950 
0.920 
0.921 
Ca-~ 
0.421 
0.540 
0.704 
0.770 
0.882 
0.824 
0.917 
0.951 
0.967 
0.975 
1.005 
1. 005 
1.015 
1.025 
1.025 
1.007 
1. 033 
1.026 
1.000 
1.000 
Fe 
Al K 
Si K 
S K 
C1 K 
K K 
Ca K 
Cr K 
Fe K 
Cu K 
Zn K 
(BULK ANALYSIS I. 
3.038 
10.379 
3.107 
1.304 
23.366 
19.513 
2.514 
13.578 
5.906 
17.294 
X-ray energy ( keY ) ----. 
( B) EDXA SPECTRUM OF ELEMENTS IN THE WOOD. 
( JEOL JSM - 35SEM /LINK 290 EDXA ). 
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APPENDIX 1.10 
KAHIKATEA WEATHERBOARD. (UNCOATED). Podocarpus dacrydioides. 
( A ) ELEMENTS PRESENT IN THE WOOD. (CAMBRIDGE SEM/EDXA). 
Energy range 0 - 20 keY. 
ELEHENTS INTENSITY (CPS) BACKGROUND (CPS) plB RATIO 
Si K 2.597 19.652 0.132 
S K 2.432 25.127 0.097 
C1 K 3.044 26.533 0.115 
K K 11. 546 32.621 0.354 
Ca K 8.337 34.672 0.240 
Cr K 26.666 33.481 0.796 
CU K 11. 695 27.642 0.423 
As K 7.427 27.460 0.270 
ZAF CORRECTION ELEMENTS WEIGHT % 
ELEMENTS K Z A F ELEMENT 
Si K 0.013 1.128 0.360 1.002 Si K 2.876 
S K 0.012 1.136 0.589 1.006 S K 1.698 
C1 K 0.016 1. 083 0.681 1.009 C1 K 2.050 
K K 0.070 1.082 0.819 1.016 K K 7.241 
Ca K 0.055 1.105 0.840 1.016 Ca K 5.371 
Cr K 0.264 1. 009 0.948 1. 021 Cr K 24.989 
Cu K 0.241 0.982 0.971 1. 035 CU K 22.633 
As K 0.328 0.932 0.979 1. 000 As K 33.142 
j(AHlKATEA WEATHERBOARD (UNCOATED). ( BULK ANALYSIS ). 
1 
,., 
.. 
. ~ 
~ 
~ 
~ 
.. 
si 
" 
.~ 
;;-
" ~ 
X-ray energy ( keV) ~ 
( B) EDXA SPECTRUM OF ELEMENTS 'IN THE WOOD. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
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APPENDIX loll 
RADIATA PINE WEATHERBOARD. (UNCOATED). Pinus radiata. 
( A) ELEMENTS PRESENT IN THE WOOD. (CAMBRIDGE SEM / EDXA) 
Energy range 0 - 20 keV. 
ELEHENTS INTENSITY (CPS) BACKGROUND (CPS) plB RATIO 
Al K 1.363 18.428 0.074 
Si K 1. 577 21.138 0.075 
Cl K 1.314 55.611 0.024 
K K 4.484 33.800 0.133 
Ca K 2.365 34.359 0.069 
Cr K 11.349 33.045 0.343 
Cu K 6.619 57.369 0.115 
Zn K 1.018 25.671 0.040 
As K 4.287 26.607 0.161 
ZAF CORRECTION ELEMENTS WEIGHT % 
ELEHENTS K Z A F ELEMENTS 
A1 K 0.014 1.099 0.251 1. 001 A1 K 
Si K 0.015 1.131 0.332 1. 001 Si K 
C1 K 0.013 1.087 0.662 1.006 C1 K 
K K 0.052 1.085 0.808 1.011 K K 
Ca K 0.029 1.109 0.839 1. 014 Ca K 
Cr K 0.212 1. 012 0.952 , 1. 026· Cr K 
Cu K 0.258 0.985 0.977 1.039 Cu K 
Zn K 0.049 0.987 0.984 1. 057 Zn K 
As K 0.358 0.935 0.979 1. 000 As K 
RAnIATA PINE WEATHERBOARD. (UNCOATED). ( BULK ANALYSIS ). 
r 
S1 
A 
. i\ ~I K 
~ \¥ ~~~ 
Y' wl'~M I I L . 
. . r Iyw'VVV'\.f~~ 
X-ray energy ( keY ) ----+ 
( B) EDXA SPECTRUM OF ELEMENTS IN THE WOOD. 
( JEOL JSM - 35 SEM / LINK 290 EDXA ). 
4.680 
3.480 
1. 677 
5.266 
2.811 
19.378 
23.319 
4.279 
35.110 
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APPENDIX 2 
VISCOSITY RANGES IN KREBS UNITS OF COATINGS MEASURED AT 240C 
The viscosity was measured on the Rotating Paddle Viscometer 
(Stormer Krebs type) and the Rotothlnner viscometer. 
BRAND COATING KREB UNITS (KU) 
DULUX PRIMERCRYL 100% ACRYLIC 61 
EPIGLASS WATER BASED WOOD PRIMER 74-76 
TAUBMANS PREMIUM FAST COAT WOOD 74-76 
PRIMER 
DULUX WUNDERPRIME 64-65 
EPIGLASS FIRST COAT WOOD 70-72 
PRIMER 
EPIGLASS G.P.1820ILBASED 70-72 
ALKYD PRIMER 
TAUBMANS WOOD PRIMER 67-69 
WATTYL Ti02 TAGGED ESTAPOL 72 
EXTERIOR CLEAR 
Viscosity Is the resistance to flow (O.C.C.A,1984) 
When a liquid is stirred the rate at which it flows is directly proportional to 
the force applied (Morgans,1984) 
FORCE APPLIED (SHEAR STRESS) = CONSTANT x RATE OF FLOW (SHEAR). 
201 
APPENDIX 3 
TABLE 
AVERAGE CONTACT ANGLES OF COATINGS 
(Ten measurements of contact angle were made for each coating, [refer Method 2.13·1 ) 
BRAND COATING mean .S D MS range 
( degrees) (degrees) 
DULUX PRIMERCRYl1 00% ACRYLIC 28.3 3.36 11.28 24 .• 34: 
EPIGLASS WATER BASED WOOD PRIMER 25.8 1.87 3.49 23 ·28 
TAUBMANS PREMIUM FAST COAT WOOD PRIMER 26.8· 3.19 10.17 23 - 31 
DUlUX WUNDER PRIME 26.5 2.41 5.80· 23 - 30 
EPIGLASS 1st COAT WOOD PRIMER 20.8. 2.57 6.69 19 - 26 
EPIGLASS G P 182 Oil BASED ALKYD PRIMER 22.3 3.33 1~.08 19 -29 
TAUBMANS WOOD PRIMER 24.5 3.10 9.61 21 .• 29 
WATTVL TI02.TAGGED ESTAPOL EXTERIOR CLEAR 27~6 3.77 14.21 20 • 34 
APPENDIX TABLE 4 
TAXA 
CLASS 
INTERVAL 
em 
., 
2 
3 
4 
5 
6 
7 
B 
9 
10 
11 
12 
13 
14 
left edge 
right edge 
DEPTH OF COATING PENETRATION MEASURED ON THE TRANSVERSE 
FACE OF WEATHERBOARDS 
Coating - Ti02 tagged Wattyl Estapol Exterior Clear. 
The number Of filled cells were counted along rows of tracheids inwards 
from the coating/substrate interface. 
Ten measurements were made at 1 cm intervals along the top edge of each 
weatherboard. 
Ten measurements were also made on the "[eft" and "right' edges for comparison. 
Dacr~dium cUQressinum PodocarQus dacrydioides Pinus radiata 
GROWTH RING PATTERN PRODUCED CUT 
RIMU RIMU KAHIKATEA KAHIKATEA RADIATA RADIATA 
"u" -type . lin" -type "un _ type "n" -type Pu"_type "n"-type 
2,2,2,3,1,5,2,2,1,2 5,4,7,6,3,8,1,4,3,5 2,~,5,3,2,SrS,5,5,3 5rl,8,2,9,1,6,1~11,G ~2,1,2,J,3,2,3,3,2 2,4,3,1,1,1,2,2,2,1 
2,1,3,4,2,J,},3,2,1 6,1,1,4,2,4,2,3,3,3 -5,5,4,5,5,4,5,2,5,5 5,2,4,3,2,3,8,3,5,2 3,2,5,3,5,3,8,5,5,3 3,3,2,4,2,3,5,1,4,5 
1,2~1#2,2#2r2,3,1#1 1,4,2,3,2,2,3,3,5,7 4,2,2,6,5,6,6,4,3,3 3,2,4,2,1,3,1,1,1,4 2,2,4,3,3,5,2,4,2,3 4,2,2,1,4,6,4,3,2,3 
3,2,1,3,2,2,2,4,),2 4,3,2,1,3,1,8,5,5,5 4,3,3,2,6,1,3,4,5,4 2;3,1,1,4,2,2,3,2,3 2,3,4,5,5,4,2,2,2,3 5,1,1,1,3,4,3,3,3,3 
3,4,3,3,3,2,1,1,3,4 1,6,2,3,5,1,2,5,3,2 3,2,5,0,5,4,4,3,4.~ 3,1,2,1,1,1,2,1,1,2 2,4,4,5,4,3,5,3,4,4 1,1,1,2,2,3,2,1,1,1 
2,3,3,1,3,1,2,4,4,1 2,7,6,3,0,6,3,2~3,7 3,2,2,2,1,2,2,2,2,1 1,3,1,1,1,4,1,2,1,5 1,4,2,4,1,1,3,4,5,3 1,1,2,1,1,2,1,3,2,2 
6,2,5,1,1,3,4,2,3,5 2,2,5,3,3,3,2,7,4,7 3,3,3,2,2,3,1,1,2,2 1,0,2,4,2,1,2,1,2,4 5,1,3,2,2,2,4,3,1,2 1,1,1,1,2,2,1,1,1,1 
6,5,5,5,5,4,4,4,3,4 1,2,6,3,3,5,3,4,5,5 5,1,3,5,6,2,6,2,5,5 6,13,9,8,10,2,6,8,9,6 4,5,2,3,3,2,3,3,2,1 2,1,2,1,1,1,1,2,1,1 
3,5,3,2,4,4,3,6,3,1 4,4,8,2,9,4,4,7,4,7 3,4,2,2,3,2,1,4,3,2 3,4,3.6,1,7,7,6,6,5 3,3,1,1 /1,4,3,3,3,3 5,2,3,2,2,1,6,4,2,2 
5,0,9,3,9,7,3,7,3,6 5,5,4,2,2,1,4,4,1,5 4,5,2,3,1,1,4,3,3,4 3,2,2,3,4,1,6,3,4,1 3,4,1,1,4,5,2,2,3,6 2,1,2,1,1,1,1,3,1,2 
5,6,2,3,7,2,4,5,4,6 3,4,3,3,5,5,6i5,1,2 4,2,4,4,4,2,3,2,4,3 2,1,3,2,4,3,2,3,3,3 2,3,1,3,1,1,2,1,2,1 1,2,2,1,1,2,2,1,1,2 
6,6,6,4,2,5,2,4,4,7 4,7,2,5,4,3,3,6,6,7 4,5,4,5,5,4,2,4,4,5 2,1,1,2,1,1,1,1,1,2 2,4,3,5,4,5,6,5,4,2 2,1,3,1,4,2,3,4,4,4 
7,',5,6,6,3,3,7,8,2 5,1,7,5,2,0,2,1,8,2 3,3,2,2,2,1,2,2,2,2 1,2,1,1,2,1,2,2,1,1 3,1,2,1,1,1,1,2,2,1 2,2,3,5,2,2,3,1,3,1 
3,7,7,4,4,8,2,5,4,4 3,5,9,5,6,6,7,4,6,7 1,2,1,~,2,1,2,2,2,1 9,5,3,4,3,4,7,5,4,3 1,2,3,3,3,2,3,3,1,4 2,1,3,3,4,4,2,2,3,3 
23,11.9. %1.19.15, ZI. 5.4" 2...8.7.11.4.1.1.4 '2.,3.10.12.17.15 .. 9.24. 11.15.3.9.9.10.3.3. 2.1.1.2.2.3.4.3.3,2 1.1.1~ 2..3.1.1 .. 3.1" 2 
14,,16.17. . 27',,14.14 w 11.1 
$,2,4.6.5.4.2..5- .. 6. 14,,9,,5 .. 14.2.8.8.5.8, 3,1.2,1,,3.1 .. 3,1,3 .. 1 1,1. 2..3.10.3,1,1,1~7 1" 1 t 1 .. 2. 2. 2. 1 • 2. 2. 1 .. 1.1.2.2.1.1 .. 1.1.1.1 
10. 
N 
o 
N 
APPENDIX TABLE 4.2 DEPTH OF COATING PENETRATION MEASURED ON THE TRANSVERSE 
FACE OF WEATHERBOARDS . 
Coating - Ti02 tagged Wattyf Estapof Exterior Crear 
The number ~f filled ceUs were counted along rows 'Of tracheid' d 
from the coating/substrate interface. s Inwar s 
The means and ranges for each class interval is presented. 
TAXA Dacrydium cupressinum Podocarpus dacrydioides Pinus radiata 
GROWTH RrNG PATTERN PRODUCED CUT 
CLASS 
INTERVAL !lU" - type I IIn"_type IIUIi - type f "n" - type IIU"_ type , IInll -type 
em MEAN so MS RANGE MEAN so MS RANGE MEAN SO MS RANGE MEAN so MS RANGE MEAN SO MS RANGE MEAN SO MS 
1 2.2 Ll L21 1-5 4.6 2.1 4.41 1-8 4.0 1.4 1.96 1-5 • 6.8 2.8 7.84 1-11 2.4 1.0 1.00 1-4 2.0 0.9 0.81 
2 2.3 1.0 1.00 1-4 2.9 1.5 2.25 1-6 4.8 1.1 1.21 2-5 3.6 1.1 1.21 2-8 4.6 1.0 2.56 2-8 3.1 1.3 1.59 
3 1.7 0.7 0.49 1-3 3.1 1.7 2.89 1-7 3.6 1.6 2.56 2-6 2.0 1.3 1.69 1-4 2.5 1.1 1.21 2-5 2.8 1.0 1.00 
4 2.4 0.7 0.49 1-4 3.9 1.8 3.24 1-8 4.1 1.2 1.44 1-6 2.3 1.0 1.00 1-4 2.9 1.2 1.44 2-5 3.0 1.2 1.44 
5 2.7 0.9 0.81 1-4 3.0 1.4 1.96 1-6 4.0 0.8 0.64 2-6 1.7 0.6 0.36 1-3 3.8 0.8 0.64 2-5 1.7 0.8 0.64 
6 2.4 0.7 0.49 1-4 4.5 1.8 3.24 2-7 1.8 0.6 0.36 1-3 2.2 1.2 1.44 1-5 2.4 1.5 2.25 1-5 1.4 0.7 0.49 
7 3.2 1.7 2.89 1-6 3.8 1.7 2.89 2-7 2.2 0.7 0.49 1-3 1.8 0.4 0.16 1-6 2.5 1.3 1.69 1-5 1.2 0.4 0.16 
B 4.5 0.9 0.81 3-6 3.8 1.6 2.56 1-6 5.0 1.8 3.24 1-6 7.3 3.4 11.5 2-13 2.8 0.8 0.64 1-5 1.5 0.5 0.25 
9 3.6 1.1 1.21 1-6 5.6 2.3 5.29 2-7 2.4 0.8 0.64 1-4 4.9 2.2 4.84 1-7 2.5 1.1 1.21 1-4 2.6 2.7 7.29 
10 5.8 2.6 6.76 3.9 3.0 1.7 2.89 1-5 2.8 1.3 1. 69 1-5 3.8 l.0 1.00 1-6 2.7 l.0 1.00 1-6 1.8 0.7 0.49 
11 4.1 1.4 1. 96 2-7 3.7 1.7 2.89 1-5 3.8 0.9 0.81 2-4 2.8 0.8 0.64 -1-4 1.6 0.5 0.25 1-3 1.4 0.4 0.25 
12 4.6 2.0 4.00 2-7 4.7 1.8 3.24 2-7 3.8 1.0 1.00 2-5 1.2 0.4 0.16 1-2 4.0 1 •. 2 1.44 2-6 3.2 1.0 1.00 
13 5.0 1.8 3.24 2-8 4.0 2.1 4.41 1-8 2.0 0.6 0.36 1-3 1.5 0.5 0.25 1-2 1.7 0.7 0.49 1-3 1.9 0.7 0.49 
14 4.8 l.4 1.96 2-7 5.6 l.8 3.24 3-9 1.6 0.6 0.36 1-3 4.8 1.8 3.24 3-9 2.1 0.7 0.49 1-4 2.8 0.9 0.81 
left edge 17.8 5.0 25.0 9-27 4.7 3.1 9.6 1-11 13.0 7.6 57.7 2-27 8.1 4.0 16.0 3-11 2.3 0.9 0.81 1-4 1.4 0.7 0.49 
right edge 4.3 1.5 2.25 2-6 7.3 3.8 14.4 2-14 2.5 0.8 0.64 1-3 3.0 3.0 9.0 1-10 1 ... 4 O.S 0.25 1-2 1.2 0.4 0.16 
RANGE 
1-4 
1-5 
1-6 
1-5 
1-3 
1-3 
1-2 
1-2 
1-6 
1-3 
1-2 
1-4 
1-5 
1-4 
1-3 
1-2 
~ 
o 
w 
APPENDIX 5 
TABLE 
COATING SUBSTRATE TRACHEID CELL INCLINATION ANGLE 
The angle made by the tracheid cell length and the sawn substrate/coating 
interface was measured at 1 cm intervals across the entire width of each 
weatherboard including the sides. (see figures 45 - 50 ). The mean angle 
and range for each class Interval is presented. 
TAXA 
Dacrydlum cupressinum Podocarpus dacrydioides Pinus radiata 
GROWTH RING PATTERN PRODUCED CUT 
RIMU 'KAHIKATEA RADIATA 
CLASS 
INTERVAL "u"-type "nil .type "u" - type "n" -type "u"·type "n" -type 
cm MEAN so MS RANGE M'AN SD MS RANGE M.AN so HS RANG. MEAN SD .5 RAHGE HEAN so HS RANGE I-IEAN SO HS RANGE 
1 1.6 0.5 0.1 1-4 6.0 •• 7 0.5 5-6 6.0 1.0 1.0 5-7 7.0 0.0 0.0 7-7 1.0 0.7 0.5 2-' 2.2 0.8 0.7 1-1 
2 '.2 1.3 1.7 2-5 '.' •• 9 0.8 1-5 ... 1.8 3.7 9-11 7.0 1;' 2.5 5-1 ••• 1.; 2.5 2"'; 1.8 0.4 0.2 J-I 
3 '.0 1.2 1.5 2-5 1.8 0.5 0.2 1-2 ... 0.7 0.5 5-7 5.0 0.7 0.5 4-8 5.2 1.3 1.7 4-7 4.8 0.4 0.2 4-5 
4 3.4 1.1 1.3 2-5 4.0 0.7 0.5 J-5 l.e 1.1 1.2 1-5 1.; 1.7 2.8 2-6 4.6 0.9 0 •• 4-8 4 •• 0.7 0.5 ]-5 
5 1 •• 1.1 1.] 2-5 2.8 0.5 0.2 2_1 5.0 1 •• 2.5 3-' 2.4 0.9 0.' 2-4 4.2 0.8 0.7 loS 1.4 0.' o.J 1-2 
6 4.2 0.4 1.2 4-5 5.2 LJ 1.7 4-7 4.4 2.2 4.1 2 ... 2.4 1.J 1.8 1-4 7.0 2.0 4.0 4-9 3.8 1.3 1.7 2-5 
7 5.0 1.2 1.5 1-8 3.0 1.2 1.5 2-5 S.' 1.1 1.3 5-. J •• 0.7 0.5 2-4 7.' 0.5 0.3 7-. 2 •• 0 •• 0.7 2-1 
-8 1.0 0.7 0.5 7-8 2.2 0 •• 0.7 1-3 5.2 1.1 1.2 4-7 2.' 0.5 0.3. 2-J 4.2 1.3 1.7 J-' J.' 1.7 2 •• 1-5 
9 4 •• 1.3 1.'7 3-6 2.2 0.5 0.2 2-3 7 •• 2.8 •• 1 3-10 •• 0 0.0 •• 0 .-; ••• 1.2 1.1 !HI 2.4 1.3 1 •• 1-1 
10 4.4 • ;5 0.3 4-5 . 4 •• 1.1 1.9 4-8 , .. 0.8 •• 7 '-10 5.2 O.B- •• 7 4-; 5.4 •• 5 .. ] H 4.2 ... 0.7 3-5 
11 , .. 1 •• 1.0 '5-7 '.0 1.0 1.0 3-5 8.4 1.1 1.] 7-10 5.6 0.9 ... 5-7 '.0 1.4 2.0 5-8 2 •• 0.5 0.] 2-3 
12 4.4 1.1 1.3 3-6 ].S 0.8 0.7 J-5 3.4 0.' ••• 2-.4 5.4 0.9 D." 4-; 6.0 1.0 1.0 5-7 2.' 1.1 1.2 1-1 
13 5 •• 1.2 1.5 J-, 3.2 0.5 0.2 3-1 7.0 1.0 1.0 r" 7.4 1.3 1.8 5-8 6.0 1.' 2.1 .... 1.' 0',5 0.] 1-2. 
14 '.4 0.5 0.] .-7 2.0 '0.1 0.5 1-J 10;0 1.8 3.5 9-12 5.0 1.0 1.0 1-' 2.S 0,4 0.2 2-3. 1.2 1.3 1.7 ~l' 
left edge 1 •• 1.3 1.7 2-5 4.0 1.9 1.5 2-8 5.' 0.9 O •• S-7 l.8 1.' 2.7 2-7 5.0 0.7 0.5 4-t 3.2 1 •• 3.2 o-~ 
right edge '.4 1.1 1.3 5w e •• 2 1.5 2.2 4-9 2.2 1.9 3.2 1-S 2.' D •• 0.1 2-3 4.2 0.4 0.2 4-S 2.' 1.5 2.3 1.4 
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APPENDIX 6 
FIGURE shows the tracheid cell row growth directions viewed on the 
transverse face of the weatherboard for both "nil and "u"-type patterned 
boards. 
The angle .made by the tracheid cell rows and the coating interface was 
measured at 1 cm intervals along the top edge of each weatherboard and 
also the !lleft" and IIrightll side edges for comparison. 
Acm 
c 
Oo.GU"lIdium .auprlrl8inum (rlmu - It U - type.) _ Top e.~ge - coating/substrate. 
8 10 11 Il 13 14 em 
D(1at'lidlullf <ulpr.8tiflUm (rimu - H n n - typ.). Top edge - coating/substrat.e. 
o 9 10 11 12 13 14 em 
Padaaat'plUJ dacrlldioidBtI (xahilt.tea *1 u 
- type). Top edge - coating/substrate. 
13 ~ ~. 
'" :r 
... 
24 ~ 0. 16 
'" 
" 
(kahlk.t~4 II n D cm 0 J - type). Top edge - coating/substrate. 9 10 11 12 13 14 em 
E em 
., 
'" 
" 
" 
.. 
.... 
., 
... 
F em 
., 
'" 
" 
'" 
.jJ 
.... 
01 
... 
22 
Pinus radiale (radiata pine - « U 
- type). Top edge coating/substrate. 
Pi.nus J'adiata (rad14ta pine. U n II - type). Top edge - coating/substrate .. 
0 14 em 
90 
.. 
0. 
'" .. 
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APPENDIX TABLE 7 
ELEMENTS PRESENT IN Ti02 TAGGED WATTYL ESTAPOL 
COATING AFTER 
3000 HOURS 
ACCELERATED WEATHERING TESTS 
( CAMBRIDGE SEM/EDXA) 
WEATHERBOARD!: 
SUBSTRATE ELEMENTS INTENSITY BACKGROUND PIB WEIGHT 
TAXA (CPS) (CPS) RATIO ELEMENT 
AL K 11.26 99.00 0.11 2.74 
si K 5.89 59.10 0.10 1.18 
D.cupressinum S K 24.44 128.90 0.19 4.76 
Ca K 7.51 223.19 0.03 1. 59 
Ti K 375.76 85.85 4.37 89.70 
Al K 3.41 35.55 0.09 0.63 
Si K 6.06 51.33 0.11 0.90 
P. dacrydioides S K 15.31 54.55 0.28 
0.16 
K K 13.33 56.18 0.23 2.11 
Ca K 9.26 59.06 0.15 1. 56 
Ti K 430.50 47.53 9.05 89.18 
Si K 6.7 31.91 0.21 0.87 
s K 11.1 33.75 0.32 1. 37 
C1 K 14.8 41.28 0.35 1. 90 
P.radiata 
K K 26.3 46.73 0.56 3.67 
Ca K 8.5 57.41 0.14 1. 26 
Ti K 478.6 49.60 9.65 87.15 
206 
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APPENDIX 8 
TABLE 8.1 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Mlnolla Chroma-Meter 
CR200 tristimulus colour analyser for Dacrydi!ill1 cupressinum" Pinus radiata 
and Podocarpus dacrydioides weatherboards. 
TAXA 
WEATHERBOARD SAMPLES D.cupresslnum P.dacryd/o/des P. radiafa 
L* a* b' L* a" b· (. a 4 b' UNCOATED BOARD ~o .78 +7.77 + 19.84 77 .84 +3 .83 + 2 2. 21l 74 .99 +5.53 + 24 .42 
L· C· HO L' . C" HO L· C· HO 
UNWEATHERED. 60.78 21 .30 68.70 
77 .B4 22.57 80 .30 H .99 25.03 77.30 
Ox Y :z: Ox y z Ox y Z 
0.507 0.538 0.749 o .264 o .276 o .469 o • 299 o .317 (l.537 
Y )( Y 
y x Y y x 'Y 
29 .00 .3791 .3720 52.95 .~653 .3737 4 B .27 .3745 .:o.77B 
L' s" b' V 0- b' l' 0' h' 
U H COATED BOARD' 4 e .46 +17.38 +36 .32 57.03 + 13 .4 ~ +3A .29 e3.40 + 13.80 +36.35 L· C' HO L" C· HO L* C' 1-10 
WEATHERED 45.46 40.26 64 .50 
57.0'3 40.57 70.80 53.40 38 .90 69.20 
:lOOO HOURS. Ox y :r: Ox Y z Ox y ,z 
0.745 0.928 1.:H5 o .549 o .603 I .075 0.610 6 .669 I .141 
Y X Y y x. y y x Y 
14 .88 .4676 .4067 24.96 .440'7 .4091 21 .42 .4433 .4071 
TABLE 8.2 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Minolta Chroma-Meter 
CR200 trlstimulus colour analyser for Dacrydlum pupressinum,., Pinus radiata 
and Podocarpus dacrydloides weatherboards. 
TAXA 
WEATHERBOARD SAMPLES D.cupressinum P.dacrydioides P.radiata 
L* a* b' L* a* b' L* a· b' COATED BOARD 
.84.75 +0.44 +5 .8 I 82.30 +3.33 +14.35 85.85 + 2 .19 +10.44 
1 COAT l* C· HO L* . C* HO L* C' HO 
84.75 5.82 85.70 82.30 14.73 77 .00 85 .85 10.66 71:' • 20 
~~i11'611~~~~6~Y2LEA~ Ox Y % Ox Y z Ox Y z 0.1 B3 0.184 o • 228 o .206 o .216 0.331 o .163 0.170 o .250 
Y X Y y x y V x y 
WEATHERED 65.53 .32/,6 .3406 60.87 .3465 .3561 67.69 .3360 .3434 
.:2.000 HOURS. 
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APPENDIX 8 
TABLE 8.3 
COMPARISON OF DIFFERENT COLOUR SYSTEMS FOR MEASURING THE 
REFLECTIVE COLOURS OF THE SUBSTRATES. 
The values are the averages obtained with the Minolta Chroma·Meter 
CR200 tristimUIus colour analyser for Dacrydium cupressinum" Pinus radiata 
and Podocarpus dacrydioides weatherboards. 
I 
TAXA 
WEAnlERBOARO SAMPLES D.cupresslnum P.dacrydioldes P.radiata 
COATED BOARD LW a* b* l* a* b* L* a w b* 
89.38 - 2.1 7 +8.B4 89.19 I .06 + 10.03 89 .17 I .39 + 10.10 
2 COATS L* C* HO L* C* HO L* C· HO 
8S .30 9.10 103 .7 89 .19 10.08 96.00 89.17 10 .19 97.80 
TI02 TAGGED WATTYL Ox Y z Ox Y z Ox y z 
ESTAPOL EXTERIOR CLEAR 0.133 0.126 o .191 o .131 o .1 28 o .202 0.132 a .1 28 'U • 203 
Y X Y y j( y y x 'y UNWEATHERED. 14 .8 I .3259 .3479 74 .59 .3298 .3494 74 .54 .3294 .3498 
COATED BOARD L* a w b* , L* a* b* L* a* b* 
89 .10 -I .86 +7.63 90.80 -1.82 +9.85 90 .0 I -I .35 +~ .29 
2 COATS L* C* HO L* C* HO L* , C* HO 
80.10 7 .85 103.6 90 .80 10.0 I 100 .4 90 .01 9.38 98 .2 
T102 TAGGED WATTYL Ox Y z Dx Y z Dx y z ESTAPOL EXTERIOR CLEAR 0.134 o .1 29 a .185 0.113 u .108 (\ .179 a .1 22 o .118 0.186 
WEATHERED Y x Y Y x, Y y x Y 
1000 BOUIlS • 74 .40 .3 2'11 .3453 78.07 ..20 I .3494 7G .33 .327e .3481 
COATED BOARD L* a* b w L* a* b* L* a w b w 
86.98 -0 .45 +5.73 87 .86 +0.23 +8.1 2 87 .21 +0.27 +6 .97 
2 COATS L* C* HO L* C* HO L* C* HO 
86 .98 5.74 94.5 87 .86 8.12 88 .5 87 • 21 6 .97 87 .8 
TIO 2 TAGGED WATTYL Ox y z Ox y z Ox y 'z 
ESTAPOL EXTERIOR CLEAR 0.157 0.155 0.198 a .144 ' 0.144 o .205 0.152 o .152 o .204 
Y X Y Y )( Y Y x Y WEATHERED 
2000 HOURS. 69.98 ." 229 .'408 71 .BO .3233 .3449 70.44 .3263 .34 27 
COATED BOARD L* a* b* L* , a* b
w L* a* b* 
38.56 I .38 +6.79 e'9 .02 -0 .90 +8.16 89 .66 -0.86 +8.69 
2 COATS L* ,C· HO L* C· HO L* C* HO 
98 .56 6 .92 101 .4 09.02 8; 20 96.2 89.66 8 .73 95.6 
TI02 TAGGED WATTYL Ox Y Z 0)( y, Z Ox y z 
ESTAPOL EXTERIOR CLEAR 0, t 39 o .135 0.105 o .132 0.130 o .190 0.124 0.122 o .186 
WEATHERED Y x Y 
y )( Y Y x Y 
3000 HOUIlS • 13 '.25 .3234 .3434 
74 .23 .3,,66 
.3457 75 .53 .3275 .3466 
208 
APPENDIX 9 
Simplified (CIE,1931) chromaticity diagram to show the position of the CIE 
standard iIIuminant condition 0 65 (65000 k). 
The visible spectrum extends from 380 nm (purplish blue) to 780 nm (red). 
Chromaticity is the colour quality of a colour stimulus definable by Its 
chromaticity co-ordinates or by the dominant (or complimentary) 
wavelength and its purity taken together.(CIE,1970). 
A chromaticity diagram Is a plane diagram In which pOints specified by the 
chromaticity co-ordinates x and y represent the chromatlcities of colour 
stimuli. (AS 2633 (1983». 
209 
APPENDIX 10 
The "GLOSSGARD SYSTEM 60" was used to obtain the 60 degree gloss 
measurements. 
GLOSS Is defined as the visual impression created by the reflection 
properties of a surface. 
FULL GLOSS 
GLOSS 
SEMI-GLOSS 
LOW GLOSS 
FLAT 
TABLE 
(FINISH) a surface with a specular gloss 
reading above 85 gloss units when 
the specular direction is 60 
degrees. 
(FINISH) a surface with a specular gloss 
reading above 50 gloss units but 
not exceeding 85 gloss units 
when the specular direction is 
60 degrees. 
(FINISH) a surface with a specular gloss 
reading above 20 gloss units but 
not exceeding 50 gloss units when 
the specular direction is 60 
degrees. 
(FINISH) a surface with a specular gloss 
reading above 5 gloss units but 
not exceeding 20 gloss units 
when the specular direction is 
60 degrees. 
(FINISH) a surface with a specular gloss 
reading below 5 gloss units when 
the specular direction is 60 
degrees. 
THE EFFECT OF WEATHERING ON THE SURFACE GLOSS APPEARANCE OF TI02 TAGGED WATIYL ESTAPOL CLEAR COATED WEATHERBOARDS. 
( GLOSSGARD SYSTEM 60). 
Comparison of the loss of gloss on boards with 1 coat and 2 coats after weathering 
for 2000 hours. 
TAXA 
Hours 
weathered 
2 coats 
unweathered 
(2 COATS) 
2000 hours 
(1 coat) 
2000 hours 
Dacrydium cupresslnum Podocarpus dacrydloides Pinus radlata 
mean SO M S 
89.75 1.06 1.12 
84.25 0.35 0.12 
80.0 1.41 1.98 
mean SO M.S 
81.5 1.70 2.89 
78.7 7.42 55.0 
35.5 6.36 40.4 
mean S.D M S 
80.75 1.06 1.12 
70.50 0.70 0.49 
54.25 3.88 15.05 
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FOCUS ON TORUS 
Tracheids Under the Electron Microscope 
1)R. T.M. Middleton! ~A, BSc, MSc (f~~l,I_?hD,. Department of Plant and Microbial 
Sciences, University of Canterbury, Christchurch, New Zealand 
The transmission electron microscope is 
a superb instrument to obtain an 'eye-ball' 
examination of the torus; it is rather like tar-
geting the bulls-eye of taurus! All those in-
volved in the timber industry can now ',peer' 
deep into wood, and focus on some amaz-
ingly delicate structures. 
Pinus radiata D.Don. (radiata) is of in-
creasing importance in wood research 
worldwide, while Podocarpus dacrydioides 
A.Rich. (kahikatea), a native gymnosperm 
of New Zealand, is popular in the building 
and home renovating industry and is used 
in a variety of ways, including exterior clad-
ding. These two timber species were chos-
en to illustrate the structure of wood. This 
particular study formed part of a research 
programme on coating behaviour and 
weatherboards. Select timbers and coating 
systems currently available on the New 
Zealand market were analysed before and 
after weathering and examined with the aid 
of the transmission electron microscope 
(Figure 1). The topic of coatings/wood 
structure has interested paint chemists, 
physicists, and engineers for years. 
However more information from the wood 
anatomist's point of view was deemed 
necessary (Middleton 1990,1991, 1992a, b, 
1993). 
Tracheids are the long water (sap) con-
ducting cells present in the wood of gym-
nosperms (softwoods). A variety of pits are 
present in tracheid walls depending on the 
adjacent cell types through which the sap 
flows. Inter-tracheid pits are bordered and 
possess over -arching walls referred to as pit 
borders. A bordered pit -pair in Pinus radi-
ata wood is shown in Figure 2. The pit mem-
brane consists of a central thickened area 
termed the torus surrounded by the mar-
go, a radiating network of microfibrils like 
the spokes of a wheel. When viewed in 
cross-section, the pit membrane appears as 
a thin wavy line which is normally suspend-
ed in the median position. When pit aspira-
tion occurs the torus and margo are deflect-
ed to one side against the pit aperture and 
the tracheid wall, and the flow of sap through 
into an adjacent tracheid is prevented. Trac-
heid walls are typically multi-layered and 
consist of the middle lamella, primary lay-
er and a three layered secondary zone. In 
Pinus radiata a warty layer is present on the 
lumen surface as shown in Figure 2. 
The importance of the torus and margo, 
and the tracheid cell wall in determining 
coating behaviour is stressed here. Bulk 
flow of the coating and gross penetration of 
conduits is readily demonstrated with the 
aid of the scanning and transmission elec-
tron microscopes, and confirmed by ~DXA 
(energy dispersive X-ray analysis) tech-
niques (Figure 3). However penetration of 
the cell wall by components of the coating 
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Figure 3. EDX4 spectrum qf a titanium n'ch 
coating used on the weatherboards. 
Figure 4. Detail qf a coated Podocarpus 
dacrydioides weatherboard showing a titant~ 
um particle (Tt) present in the coating. 
of certain molecular particle size is the cur-
rent topic of research worldwide. Titanium 
particles, present in the coating are too large 
to pass into the cell walls, and hence tend 
to line the tracheid lumens (Figure 4). 
As new theories on penetration are test-
ed and the torus and margo are targeted, the 
search for microcapillaries will advdllce, the 
mysteries will unfold, and the clues will 
come into focus! 
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"Wood Substrates And Coatings Under 
The Electron Microscope" 
Or. IM Middleton 
B.A.,B.Sc.,MSc,(First Class Honours), Ph.D. 
Significant contribution to our knowledge of the 
wonderful world of wood has been provided by 
the electron microscope. Technical improvement 
both in technique and instrumentation methods 
have enabled scientists to visualize many 
of wood anatomy at very high magnifi-
One of our earliest written evidence on the sub-
ject of wood is Pliny the elder (Gaius Plinius 
Secundus), a Roman scientist of the first century 
AD. works on natural history indicate that 
wood was not only painted for decorative pur-
but the architects of the day recognised 
need for surface protection of timber. He 
observed that timber was smeared with dung 
and dried to proof it against the action of the 
atmosphere. Thus for centuries it has been 
known that wood is a naturally durable material 
and yet it is one of the most variable of sub-
strates. Within a single board major variations in 
density are apparent. Worldwide each country 
has its own history of the use of timber influ-
enced the distribution and availability of tim-
ber 
How many tree lovers have had the opportunity 
to marvel at the structure of wood magnified 
thousands of times! This collection of micro-
graphs featured in figure 1 depict an array of 
Pinus radiata weatherboards that have been 
painted with a titanium rich coating and cut 
transversely to reveal the depth and pattern of 
gross penetration of the coating and photo-
graphed under the scanning electron micro-
scope. 
The two major cell types in Pinus radiata are the 
water conducting tracheids (T), and the rays (R), 
Notice the primer has become locked in the 
tracheids and also penetrated the long ray, 
penetration is facilitated by the number of 
cells during timber machining and also 
by the presence of cracks in the wood. Air 
pockets and extractives present in the cells can 
disrupt paint penetration, 
This glimpse inside Pinus radiata provides pain-
ters and decorators with the special opportunity 
to marvel at the structure of wood. IF TREES 
COULD TALK! WHAT WOOD' THEY SAY?!!! 
P radiata Detailed transverse 
view showing coating 
penetration (SEM). 
FIGURE 
17 
FantasttcFibres -
a magnified glimpse of New 
Zealand beech wood 
The beauty of Nothofagus, NewZealand's native 
beech, is appreciated by many trampers, tree growers, toy 
makers, and tree lovers. This collection ofirnages of 
beechwood (seefacingpage) photographed by scanning 
electron microscope gives readers the opportunity to 
understand more fully, andI0 marvel at, some of the 
fascinating anatomic:alfeatures of beech fibres at fair! y 
high magnifications; 
Five taxa of Nothofagusgrow endemically [1] in N.Z. 
forests: Nothofagusmenziesii (silver beech, Tawhai), N. 
fusea (red beech, Tawhairaunui), N. truncata (hard beech, 
Tawhairaunui), N, solandri (black beech, Tawhairauriki) 
[2], andN. solandri var. eliffortioides (mountain beech, 
Tawhairauriki). Their wood, like most hardwoods, is 
composed predominantly of vessels, fibres, and ray cells. 
The bulk of beech woodis occupied by thick~walled fibre 
cells which provide strength. Anatomical differences 
exist between the taxa of beech, owing partly to their 
geographic distribution, 
The figures depict respectively transverse and 
longitudinal views of fibres in mountain beech (fig. A) 
and red beech (figs. B & C). Notice the tiny slit-like pits 
(arrowed) in the walls of thefibres. 
These micrographs illustrate superb cell shapes and cell 
wall textures. "Nice N othofagus! t! "Beautiful Beech!". 
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Rimu, kahikatea and radiata: an electron 
microscope study of coated weatherboards 
Dr T .M. Middleton * 
Abstract 
Coating penetration behaviour in Dacrydium cupres-
sinum (rimu) Podocmpus dacrydioides (kahikatea), 
both native softwood timbers, and Pinus radiata (radiata 
pine), an exotic softwood weatherboard timber, is 
briefly discussed. 
Introduction 
Weatherboard performance can be indircctly traccd back. to 
the forester with the silvicultural methods used and then con-
tinued onwards to the timber mill where cutting and timber 
treatment procedurcs play their role eventually to the final use 
of the product. It is well known that the complex interaction of 
wood substrates and coating systems is environmentally, phy-
sically, chemically and biologically controlled. The variables 
are numerous and include factors such as timber species, wood 
density, grain texture, wood anatomy, wood ultrastructure, 
seasoning and treatment of timber, machining quality, coating 
formulation and composition, viscosity, rheology, and wetting 
ability, to name a few. 
Coating/substrate relationships have fascinated researchers 
for many years and this report provides a glimpse of the topic 
from the wood anatomist's view with the aid of the electron 
microscope. Now foresters and all those involved in the forest 
industry have the great opportunity to examine closely a selec-
tion of highly magnified images of three softwood species. 
Dacrydium cupressinllm (rimu), Podocarplls dacrydioides 
(kahikatea) and Pinus radiata (radiata pine) were chosen to 
illustrate wood behaviour, (Middleton, 1990). On the basis of 
wood anatomy rimu and kahikatea belong to the Podocarpa-
ceae family, while radiata belongs to the Pinaceae family and 
is placed in the Ponderosa group of conifers. The anatomy of 
stem wood of the indigenous Podocarpaceae has been des-
cribed in detail by Orman and Reid (1946), and Patel (1967 a 
& b) and Pinus radiata by Patel (1971). Tracheids and rays are 
the major cell types in all three taxa. The water conducting tra-
cheid cell walls are pierced by a variety of pit types. Figure 1 is 
an ultrathin cross-section through a tracheid cell in radiata pine 
showing an intertracheid pit pair which has a border (pb) and 
possesses a torus (t) and margo (m) membrane. Several very 
highly magnified details of the image are shown. Figures 2 and 
3 show cross-sections of rimu and kahikatea weatherboards 
and details of paint-filled cells and coating penetration photo-
graphed under the scanning electron microscope. 
Materials 
In this study good-quality, dressed, preservative-treated, 
bevel-back, flat-sawn and quarter-sawn weatherboards were 
primed with a specially formulated titanium rich coating 
(Middleton, 1990), in accordance with the New Zealand Paint 
. Manufacturers Association guidelines. 
* Department of Plant and Microbial Sciences, University of 
'Canterbury, Christchurch 
Figure 1 P. radiata (radiata pine) wood; highly magnified cross-section 
through two adjacent tracheid cells to show details of the pit membrane 
at different magnifications. 
Results and Discussion 
Two types of Wood/coating interactions have been recognised: 
(a) Gross penetration where the coating fills the cell lumens; 
and (b) Cell wall penetration where components of the coating 
fill the inter-microfibrillar areas of the cell walls and possibly 
the amorphous regions within the cellulose microfibrils. If the 
film composition remains constant throughout the entire level 
of penetration into the wood then its performance at any point 
is dependent on its formulation; however, if a preferential 
migration of certain components of the coating exists to a spe-
cific part of the film or the wood substrate then the dependence 
of the original coating to performance is limited. 
Figure 4 shows a collection of micrographs of coated kahi-
katea weatherboards. The degree of gross penetration is 
clearly visible in figure 4A. All the upper rows of coating filled 
cells in the vicinity of the coating/substrate interface would 
N.z. FORESTRY MAY1992 17 
Figure 2 Cross-section through D. cllpressinllm (rimu) and P. dacrydioides (kahikatea) weatherboards, with highly magnified details showing 
paint penetration. 
have either been opened by machining or emerged at some 
point on the board surlace to produce tube-like structures with 
the ability to faeilitate liquid conduetion into the wood. The 
weatherboard in figure 4B was cut to expose the long tracheid 
cells filled with the coating. Air pockets, extractives, and other 
deposits present in the cell lumens at the time of coating appli-
cation are attributed to have disrupted the flow of the coating. 
Ultrathin sections of tracheid cells were examined at very 
high magnifications under the transmission electron micro-
scope. Preparation of samples for ultrastructural studies is 
complex and involves staining of the cells with uranyl acetate 
and lead citrate for photographic purposes. Tracheid cell walls 
Figure 3 . Cross-section through a P. dacrydioides (kahikatea) weatherboard; with highly magnified details of paint penetration. 
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Rimu, kahikatea and radiata: an electron 
microscope study of coated weatherboards 
(DrT.M. Middleton) ............... .. 
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'Rays' captured with the scanning 
electron microscope 
Dr T.M. Middleton 
These incredible patterns found on the 
walls of the ray parenchyma cells in New 
Zealand Nothofagus (beech) wood 
magnified thousands of times were 
photographed with the aid of the Cam-
bridge Stereoscan mark 250 scanning 
electron microscope. This collection of 
micrographs have been selected to pro-
vide viewers with a unique opportunity 
to marvel at the fascinating designs pro-
duced by nature. 
The wood of Nothofagus is composed 
predominantly of water-conducting 
vessel elements, fibres and ray paren-
chyma cells. The radiating rays produce 
the spoke-like pattern on the surface of 
cut tree trunks. The anatomical struc-
ture of ray cells is readily distinguished 
under the electron microscope. The cell 
walls are pierced by numerous pits 
(arrowed). The pits are arranged along 
the length of the cell. Profile and frontal 
views are depicted here showing struc-
tural details. 
By throwing a little "ray of light" onto 
imagination observers with an artistic 
eye may notice the resemblance of the 
fully preserved three dimensional ray 
cells to pastry rolls, crisp fork pricked 
pies and crusts! The external habit and 
form of beech trees growing in New Zea-
land has been appreciated by photogra-
phers, tourists, trampers, and tree 
lovers, yet hidden behind the bark is 
another world of beauty. 
RA YS! 'Wood' you believe it! 
Tree Grower February 1992 Page 27 '-t, 
'Rays' captured with the scarining electrOn mICroscope 
(Dr. T.M. Middleton) .. 
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are multilayered and a detail of the secondary wall is depicted 
in figure 4C and 4D. The zoned rutile titanium particles pre-
sent in the coating are very obvious as dark crystals. X-ray 
analysis was performed to detect key elements in the coating 
and their location and distribution. Figure 5 depicts a detail of 
two adjacent tracheid cells. Note the pit borders over arching 
the pit and the laycred cell wall. The coating filled tracheid 
lumen and pit aperture is indicated by the dcnsc distribution of 
titanium particles. The X-ray map in figure SB of titanium has 
been superimposed onto the electron image shown in figure 
SA. X-ray techniques have been successfully used to trace a 
number of elements present in the coating and establish the 
extent and localisation of certain coating components. 
Conclusion 
Technical improvement in both technique and instrumenta-
tion havc enabled scientists to make a significant contribution 
to the field of wood ultrastructure. This selection of micro-
graphs are superb examples of wood/substrate relationships as 
exemplified by dmu, kahikatea and radiata weatherboards 
and are presented here to enable readers to appreciate and 
marvel at the fascinating anatomy of wood. 
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Figure 4 Transverse section of coated P. dacrydioides (kahikatea) 
wood. 4C & 4D - Ultrathin sections showing the coating I tracheid wall 
interface. 
Figure S Transverse section of coated P. radiata (radiata pine) wood. 
SA - Ultrathin section through intertracheid bordered pits. 
SB - Corresponding element X-ray map for figure SA. 
List of abbreviations used in the photographs 
t-torus 
m-margo 
T - tracheid cell 
R - ray cell 
P-pit' 
S1, S2, S3 -layers ofthe sccondary cell wall 
Ti - titanium particle 
pb - pit border 
SEMlS'IEM - scanning/transmission electron microscope 
image 
Bar scale shown in microns 
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Coating / wood substrate behaviour 
in Dacrydium cupres,\'inum, Podocarpus dacrydioides 
and Pinus radiata weatherboards 
T. 1\1. i\1iddleton *, Christchurch, New Zealand 
Summary. An cleetron microscopc study of thc hcha\ 'iour or f)oCf')'i/iUI7/ Cli/i/,C.I.\iIlUIi/ .amh. 
(rimu). Poi/(}UI/pu.\ i/(/('/'l'di(}ii/c.\ A. Rich. (kahikatcd) and FillllS radi(fla I). I)on . (radiat<t pine): 
two endemic timhers of Ncw Ze,lIand and onc exotic timber coaled with a spccially formulated 
Ti0 2 tagged lnng soya oil alkyd c(),lling was made using hoth thc scanning and transmission 
clectron mil'l'oscopes. Thc kcy clements prcscnt in the coating were detected hy energy dispcrsi\'c 
X-ray analysis and used to qualitatively tracc coating penetration into wood. QuantilHti\'c 
information on thc nature or thc l'o<lting pcnetration was obtained by photographing the entirc 
cro-scctional1ength or each weatberhoHrd undcr thc scanning electron microscope and count-
ing the numhcr of tilled cells inwards from thc coating intcrraee. T he performance of thc coating 
and the three weatherboard [<IX" were tested Llsing acccleratcd weathering techniques il1\,olving 
the Xcnon-arc Weathcr-Omeler. Coated and unc()ated hoards \\.'CI'C \\'cathercd for up to three 
thoLls<lnd hours. Coating durability and substrate behaviour wcrc qualitatively <lsscssed micro-
scopic,dly. I-'ourier tr,lnsform inrrarcu and ~Ittcnuated total ret1cctancc mclhuus \Vere uscd to 
ubtain quantitative information un coating pcrfllrmance and particular rcten.:ncc is made tn 
these latler techniques . 
Introduction 
" ... Apud nos makriac IlndunLur aliquae spunte: ob id architecti cas limo inlilas sil'Cari iubcnt 
lIL adl1Cllus non ncl'cant ... " ... (We havc in OLlr country (Rome) Sl)llH; timbers hahk to ~; plit or 
their 0\0\11. and architects consequently rccommend that thcy should be smcared with dung and 
then dried. so as ttl make them prout" against the action of thc atmosphcrc, ) . . 
[ .. . Pliny. first ccntury A.D.] 
Pliny's works arc one of our earliest written evidence that wood \\'as not only 
painted for decorative purposes but that the architects recognised the need for surface 
protection of timber. 
For centuries it has been known that wood is a naturally durable material and yct 
it is one of the most variable of substrates. Within a single hoard major variations in 
density arc apparent. 
T he complex interaction orcoating systems and wood substrates is environmental-
ly , physically, chemically and biologically controlled. A greater understanding of the 
The author gratefully acknowledges Dr. B. G. Butterfield. Dr. L. M. H. Middleton , and the 
University Grants ommil'tee Cor awarding the U.G. C. scholarship to-carry out the rescarch 
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topic of coa tings and \vood structure from the wood aDa tomists view was deemed 
necessary. Worldwide mueh research has been done by the pa.jnt chemistry. p hysics 
and engineering fields on coating durability and performance. ]n Ncw Zealand Sin-
clair, C hamberlai n (195()), Jessop (1965), Kerr (1965), Preston, Chittenden (197~) , 
B. R.A. N.Z. (19 78), Blackeney (1979), Jansen , Whitney (1986), Plackett. Blackeney 
(l9 ~7) and Hedley (l 9~7) have contributed to the understanding or a variety ()f 
coating sys tems 'md timbers available on the local market. 
Wood 't rllcture and its relationship to coatings, resins. dycs and prescrvati s 
share the common topic )fpenetration (Middleton, Butterrield 1990, M iddlcto n 1991, 
1991) . arly \,vorks by Wardrop, Davies (1961) prov,idcci a basis ror future stud ies o n 
the penetration o f liquids into cell walls and through pit membranes. Subsequent 
research by Schneider , ('c')te (1967), ate, Robison (\ L)68) C" te, Vas ishth (J 970) , 
Sch n id r (1970. 1972, 1979, 1980), Desa i, Cote (1976) , Yata et al. (197K, 1(83), 
Vinden (1 984), Smith et a!. (1985), aod de G root, Kuster (1986) and others have 
demonstrat d that controversy still exists in the literat ure as to the exi tenee or 
micro-capillaries \ ithin cell wa ll s which are microscopically invisible. H wev r there 
is consenslls that gross p 0 tration and bulk flow into lumens exist ' . The coating is 
capable of entering excised cells and llssures, b ut only the liquid portion o f suitable 
molecular size can pass through the pit membranes through to adjacent cells. If the 
film composition remains constant throughout the entire level of penetration then its 
performance is dependent on its rormulation, however if' preferential migrat i n or 
certain components of the coating. into a specific part of th fi hn or wood sub trate 
occurs then the dependence or the original coating to perrorm.ance is limited . 
This study evolved from a detailed survey of coating systems on weatherboards 
(Middleton 1 <:NO). Unlike the other primers which exhibited an avera g ' gross penetra-
tion of 1- 2 cells deep this specially formulated coating exhibited deep penetrat ion in 
all three taxa examined. A detailed electron microscope study was made on D ucl',\'-
dizun cupressinwl1 Lam b. (rimu), PocioC(lrplis ducrydioidl!s A. Rich . (kahika tea ), and 
Pill!!s radia(u D. Don. (radiata pine) wea thcrboards to determine theIr response to the 
solvent thi nned long soya oil alkyd eo;.lting system vvhieh is 110rmally manufactured 
as ,I clear coating fl)J' exterior use, but vvas tagged with rutile titanium dioxide (Ti0 2 ) 
for research purposes . The wood anatomica l and ITlOrphologieal features including. 
measurements or cell dimensions have been described and recorded by O rman, Reid 
(1L)46), Patcl (1967,19 70) and Donaldson (\983). Both D. cupreSSillilnl and P. ducl'.\'-
dio[(/cs have longer narrower tracheid cells compared to P. radio/([. 
T he extent of coating penetration was examined . Coating durabili ty and weather-
boa rd performance were evaluated using accelerated weathering tests . Anal ytica l 
methods including Fourier transform infrared and attenuated total rcllectance \ ere 
used to supplement microscopic interpretation or the results. 
iVlaterials and methods 
Good quality, dressed, prcservative treated, nevv bevel-hack, flat and quarter savm 
\veatherboard representing the three taxa were pre pared for painting as outlined in the 
New Zealand paint manufacturers guidelines. The long soya oil a lkyd coating was 
tagged with Ti02 . 10% wlw orrutile Ti0 2 dispersion was incorporated in the coating. 
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According to the pain t manufacturers (pel's. comm.) the dispersion conta ined 61.6% 
Du Po nt T i-Pure R 902 grade which in turn contained a minimum 01'91 % rutile Ti0 2 . 
The chemical composition was disclosed by the manufacturers. Approximately 52 % 
of the solid fraction consisted of 65°;;) soya oil alkyd and 2.2' dihydroxy-4-mcthoxy 
benz pheno ne, obalt naphthenate , lead naphthenate , calcium naphthenate, organic 
rh o logica l modifier, soya lecithin , rutile Ti02 and an acrylic di persing resin com-
prised thc remaining 14 (Yo of the so lids. The volatile portion contained approx imately 
30°1<) W hite Spi rit and less tban 3% toluene, xylene, I-methoxy-2-propyl ~ lce ta te and 
methyl ethyl ketoximc. 
ua lita tive ulk X-ra y ana lysis only or the coating ror the determination o r key 
elements wa s d tennincd with the Cambrid ge Stereo ca n mark 250 scan ning elect ron 
microscope (SEM) with an E DAX SW 9l00/40 system a nd Dec PDP 11 compu te r 
w'i th softwa re su pplied by EDA X, and also with the Jeol .I SM-35 S 'M fi tted with a 
Link 290 EDAX system. Bo th microscopes vvcre opera ted a t the energy K Y nost 
appropriate to each type of instrument to a llow for positive iden tifica tio n o f certain 
possible overla pping k a nd I characteristic lines. Grap hite rod specimen holders were 
us d to reduce the backgro und radiation . Each analysi s wa s perfo rmed during 6() li ve 
seco nd s. Int ensity (CPS), background (CPS) and peak height t backgro und (P/B) 
rati o were o btained. Z AF (atomic number, absorption and tluorescence) corrections 
wer performed by computer methods . Care was taken during wood sample prepara-
ti o n to avoid redi stribution and loss of elements by using sectio ns or oven dried wood 
tha t was not dehydra ted through an y graded series of solvent. 
Preparation and trimming of smal'l blocks of weatherboards for SEM examil1'ltion 
fo ll owed that described by Middleto n (19~5 , 1987, 1990). Over 1.000 micrographs 
were studied. T he backscatter detector was chosen to provide atomic number contrast 
as paint contai ns elements o f higher atomic number than wood and emits more 
backscattered electrons (Middleto n 1989) . 
Air dried specimens were dehydrated in two changes of 100!)';) ethannl before 
infilt ra ting with 100 c'Yo London resin (L. R. White - med ium grade ). The resin was 
either oven thermal cured a t 70 "e or polymerized in a nitrogen envirunment. Other 
sp cimens were first a ir dried then oven dried for I hour at 70 "JC and subsequentl y 
embedded directly into 100% Spurr 's resin and len to polymerize at 70 'C. The 
embedded samples were trimmed into -mesa ' shapes on the LKB Pyramitome using 
glass knives. Ultra-thin sections were cut with a diamond knife on the LKB 21 28 
Ultrotrome iv Bromma Ultramicrotome system. The knife cLltting an gle was set at 3 ~ . 
Rib bons )1' 7 0 nm sec tions were p laced onto 100 mesh copper grids. Sections vvere 
stained with '1 % uranyl acetate in 50 % ethanol; wa shed in ethanollll1d subsequently 
stained in Sa to's lead citrate which wa s prepared following Hayafs (1975) schedule. 
The ·tained sections were eX~l1nined under the l eol 1200 EX T E M o pera ted with an 
accelerating voltage or ~o KeY and spot size of 2. Q ualitati ve information of the 
location of certain elements presen t in the coating to scanning transmission mode 
( 'TE M). For this analysis unstained sections were contained in an M - SR graphite 
sp ci men retainer in the SM-SC SH specimen holder to prevent ex traneOllS back-
gro und interference . 
Methods of measuring coating contact angles followed those described by Pierce 
and Schorr (19~~) . T he contact angle of 2 mm drops of coating on glass slides were 
measured with the aid or a camera lucida attached to an Olympus light microscope. 
The Minitah and SAS packages for statistic,tI\ analyses were used in conjunction 
vvith the IBM and UNISYS computer systems. Statistical analyses included analysis 
of variance. Duncan's new multiple range test , correlation Clnd regression to deter-
mine whether there was any variation among the three taxa with regard to studies 
on coating penetration depth, tracheid file inclination <Ingle and tracheid cell r w 
growth direction. 
Accelerated vveathering tests were pcrformeLi on the coating and wood suhstrates 
using the Atlas Xenon arc Weather O-meter model Ci 65 controlled irradianee expo-
sure system. The test method llsed was ASTM G 26-83. The spectral irradiancc 
selected was 0.55 W/ m2 at 340 nm when operated at 6,000 watts. Relative humidi1ty 
was cont rolled hy the usc of a wet hulb depression circuit. The air temperature was 
set at 34 ' and conditioned wa ter at 17 0c. Weatherboard specimens were positioned 
vertically on a rack and rotated atl ± 0.1 rpm during exposure. The cycle comprised 
1 X minutes continuous light and spray followed hy 102 minutes light. Coated and 
uncoated boa rds were weathered for a period 01'1.000 hours. 2,O()() hours and 
3,000 hours. 
/\. Biorad Digilah FTS 60 was used to produce Fourier transrorm infrared (FTIR) 
spectra or unweathered and weathered coated hoards. For each sample 1 mg of 
coating \vas scraped oIl the weathcrboard and mixed with 100 mg ory potassium 
bromide powder ano ground to a fine powder. The mixture was presseo in vacuo to 
produce a transparent pellct. The FTI R scans up to 100 ~l1n in dcpth (N akanishi 1<)62 .. 
M iller, Stage 1<)72. and Krishnan 1<)84). 
T he attenuated total rellectance (ATR) techniq ue also known as multiple intcrnal 
rel1ectance or internal rel1ection spectroscopy was chosen to supplcmentFTl R re-
sults. A Biorad DigiJah iFTS 60 was used. For each sample two thin I em sq uarc 
shavings or coating \vere pressed against hoth sides of a K RS-5 crystal and clamped 
hetween rubher backed aluminum foil. A 45 crystal geometry was used and the 
spect ra recorded at 4 cm - 1 resolution. The ATR scans up to 5 pm in depth. 
Spcdrocolourimetric and spectroscopic techniqucs including the L* a * b* a nd 
chromaticity colour systems were lIsed to ohtain supplementary quantitative informa-
ti o n on performance and arc discussed in Middleton (1990). 
Results 
Figure 1 shm\'s the EDAX spectra of the coating. T he titanium peak is very obvious 
ano according to thc paint manufacturers (pel's. c0111m.) the titanium was coateo with 
AI 2 0 J and Si0 2 to improve coating dispersihility, performance and durability. H. C. 
O. Fe. Mg. and small concentrations of Ca, Pb, Co, Mn, C I. Sand N are also present 
in the coating. however the X-ray techniquc is incapahle of detecting all these ele-
ments. 
At 25 C the coatings viscosity is 72 krehs units (ku) and thc average contact a ngle 
of the coating with the suhstrate is 27 degrees compareo to the viscosity of 70 ku and 
contact angle of 22 degrees for the solvent hased alkyd primer system tha t \\'as chosen 
for hrief comparison (Middleton 1(90). 
Figures 2 A and Band 3 A - C depict sets or micrographs showing details of 
n. clipressinwn. P. c/{{(,f1'dioid('s and P. radiafa weatherboards cut to reveal depth of 
.\61 
Fig. I. EDXA spectrum or the Ti0 2 tagged long soya oil a lkyl! wati ng 
Fig. 2 A and B. C ross-scc til)f] th ro ugh CA) n. CIIpres.\'ill llt/1 alld (R) P. d!lcrl 'dioides weatherboard s 
wilh magnilicd udails shuwing coat ing penetration. (Pit-pairs a ITl)\Vcd). SEM 
coa tin g penetration. Intertracheid pitting on the radi a l wall an:: indico.lted by a rrows. 
T hc mea n gross coating penetratio n was 9 cells [or D. t llprc.I'.I'inul1l. '13 cells ror 
p, tlocrt:dinit/es and 8 cells for P. radio/a (Middleton, ibid ), Stati stical anal yses were 
al so performed to determine whether the va riables of coa tin g penetratio n depth and 
tracheid cell row growth directi o n as measured in transverse view across the boards 
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Fig. 3 A-C. Tran versc views or P. melia/a weathnhoards showing coaling ( + ) penetration into 
the earlywood (Ew) trachcid and ray (R) cclls. Note the cmpty lumens (TL) and inlertrach ill 
hordcrcd pits (P); (arrowed) 
arc interdependent or vary together. The correlation analysis indica ted that both 
variables were unrelated and a test of significance for the corrclat,ion coefficients 
showed that the probability (PROB >,. under Ho: Rho = 0) was 0.03 at the 0.05 Ie cI 
indicating that the relationship is insignificant. Statistical analysis also indicated that 
the relationship bet \A'een trachcid Ele inclination angle and tracheid cell row growth 
direction was insignificant for all three taxa (Middleton, ibid). 
A detailed SEM study or coating / substrate behaviour confirmed statistical anal-
yses . I n contrast to the minimal gross penetration of 1- 2 cells as exhibited b primers 
this Ti0 2 tagged alkyd coating travelled into the wood of all three taxa for sev ral 
millimctres. Highly magnified unstained ultra-thin sections provided evidence that the 
large titanium pigment particles were contained in the cell lumens. Figu re 4 A sho ws 
a transverse section through coating tIlled traeheid and ray cells in D. cuprcssillllm. An 
X-ray map of the Ti-k clement (Fig. 4 b) was superimposed onto the electron image 
to confIrm visual observation of titanium particle distribution. For comparison 
. ·ig. 5 A depicts an X-ray map of the Ti-k element in a trachcid in P. rar/into coated 
"vith the primer. Bulk now occurs through intertracbeid pits whose membranes were 
broken by some process. Figure 5 B shows a group of titanium particles congrca t ilH! 
along irregularities present on the S:> layer or the tracheid secondary cell wall in 
P. radiata. The zonation pattern exhibited by titanium particles ,is illustrated in 
Fig. 6 A. It was observed that in P. radiula titanium particles were attracted to the 
warty layer (Fig. 6 B): however both D. clIpre.\·s;/llfll/ and P. t/{/crytiio;des lack ~l warty 
la yer. 
(oating penetration was deeper in the large earlywood cells than in the sm a ller 
lumens of latewood cells. Coating penetration into ray parenchyma was minimal in 
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Fig. 4 A and B. A : U ltra- th in uns tained tranSVl.! rsl.! sl.!ct io n throug h a djace nt t racheid (T) a nd ra y 
(R) ce ll s. lu te the intac t pitmcmbran l.! (pm ) separatin g the coating lilkd cells. B: Co rrespo ndi ng 
I;D XA ckmen t (Ti-k ) X- ra y map L) i' Fig. A. (D , ('l/l' l"essilll/lJI) 
Fig. 5 A and B. A : EDXA clement (Ti-k) X- ray Illap 01' a n a lkyd p rim er sys tem ( + ) in a 
1'.l"udiuw trachcid . No te the bo rdered pi t- pair (pb). B : U ltra -th in st ained section showing 
titaniulll par ticks (Ti) at the coa ting tracheid ce ll wa ll inte ri'ace ( I' . I"({(/iar(/) 
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Fig. 6 A and B. Highly magnified details or coating / wood substrate beha vio ur at the seco ndary 
wa1'1 layer (S 3) and \",arty layer (wI) interrace in P. maiulII. Note the large titanium (Ti) particle 
exhibiting thc characleristic )'oning 
D. cup/'nsinum and P. dacrydioides compared to P. radiata. The rutile C rm of Ti ) 2 
has a mean partic le size of 0.2 0 . .3 pm and a refractive index of 2.71. Deposits of 
smaller particles lining the S:I layer or the cell wall were also observed but were too 
small to be identificd hy the X-ray detector. These deposits appeared intact and no t 
dragged a(;ross the section during microtorning. 
The effect or accelerated weathering trials on uncoated boards rep resenting the 
three taxa and on coating performance \-vas eva luated. The results of an E DAX hu lk 
analysis of weathered coa ting was compared with those obtained for unweathered 
coating (Middleton, ibid). The slight increase in the proportion of T i02 in the coating 
suggested by the EDAX technique is in accordance with the observed decrease in the 
intensity of carbonyl group peaks indicated by infrared s,pectra ohtained for the 
coating which retlects incipient chemical breakdown of one of the organic component 
of the coa ting . 
Infrared spectroscopy was chosen to determine whether any chemical changes 
occurred in the coating during the 3,000 hours weathering trials. Band position in 
infrared spectra are presented here as wave numbers (unit em - I) . Band intensities a re 
expressed either as transmittance or absorbance. Shins in absorption position (lnd 
changes in intensity of hands may suggest chemical structural changes, which in this 
study would be a result or weathering. Consultation of tables of "characteristic 
frequencies" (Silverstein et a!. 1981) were used here to assign names to the peaks. The 
two regions deemed important for preliminary eX<lmina tion of the spectrum are the 
4,000 1300 cm - 1 and 909 650 cm - 1 . Characteristic 'stretching frelJuencies ' or 
o H, N ·- H, and C = 0 functional groups occur in the higher frequenc y po rtion a r d 
aromatics ill the lower frequency region. 
Figure 7 A and B depicts the FTIR and ATR spectra of the unweathered TiO~ 
tagged long soya oil alkyd coating. During manufacture the resin is produced by 
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Fig. 7 A and B. Fourier transform infrared and aHenllatcd lolal rellectance spectra Cor umvealh-
cred Ti01 lagged long soya oil alkyd coating 
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Fig. 8 A-C. Fourier transform infrared spectra for A D. cupressin UI/I , B P. J(/ (")"ydioii/cs amI 
C P. rudiu/u weatherboards coated with 2 coats of Ti02 tagged long soya oil alkyd coating and 
weathered on the Xenon-arc Weather-Omeler 
converting the soya oil to the monoglyceride form by the addition of glycerol to soya 
oil and then polymerising the monoglyceride with phthalic anhydride to form the 
alkyd . The standard spectrum for rutile Ti0 2 echoes that observed in the 700 
400 em - 1 region. The characteristic carbonyl band occurs near 1725 cm - 1 and it is 
noted that in the unweathered coating the FTI R spectrum has a strong hand in the 
carbonyl region at 1735.9 cm - 1. The band peaking al16t6.3 C111- 1 may be assigned 
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Fig. 9 A-C. Attenuated tolal ref1ectance spectra i"or A D. ClIprf'S,lilllllll . B P. ducrydioides and 
C P. ruelia/a weatherboards coated with 2 coats of Ti0 2 tagged long soya oil alkyd coating and 
weathered on the Xenon-arc Weather-OInder 
to C - H stretching frequencies. The bands peaking at 1465.9 em - 1 to 1346.3 cm - 1 arc 
of doubtful value for diagnostic purposes, however it is noted that the band peaking 
at 1465.9 cm 1 may be due to CH 2 deformations. The band of high intensity at 
1265.3 cm - 1 can probably be assigned to the C-O stretching frequency, while the 
band peaking at 1118 .7 cm -1 is probably as C -C stretching frequency. Numerous 
bands between 600 --400 cm - 1 are indicative of the aromatics . Figures 8 A-C depict 
FTI R ~pcetra of the coating after 1,000 hours, 2,000 hours and 3,000 hours weather-
ing, and show that after 3,000 hours the ~ reetral patterns are essentially very similar. 
However slight trends not detected by the FTTR technique arc visib le in Figures 
9 A C because the ATR technique is able to detect surface changes. Pt.:ak height of 
certain groups such as the carbony l bantl at 1735.9 em - J show a dcereasc in intensity 
and the rutile titanium peak a eorn.:spontling increas..: with weathering . 
Discussion 
The TiO l tagg..:d long soya o il a lkyd coating exhibitcd deeper penctration than 
primers. In most cases, partic ul arly exemplified by the primer systems. coating pene-
tration is lim ited to 1- 2 cells deep which were either opened by machining or to that 
length of traeheid which due to the slope of the grain aided entry. All the upper rows 
of cell lumens observed filled with coati ng wo uld have emerged at some point on the 
surface of the substratc to form tubes which facilitated the co nduc ti on or liquids. Feist 
(1984) observed improved performance or cOHtings on rough sawn timber which 
provides a greate r surface area for the coating or finish and hetter mechanical adhe-
sion. The TiO l tagged alkyd coating st udi ed here was locked deep into the wood 
substra te or a ll three ta xa, Hnd behaved more like H penetrating fini sh than solely a 
film former. Norma ll y the coating is manufactured as a clea r coating so exhibited 
many of the attrib utes of clear coatings. 
Quarter sawn weatherboards arc more stable than Ilat sawn boards because 
timber shrinks less in the radial direction. The earlywood bands in D. clIpressinulI1 Llnd 
P. dacrydioitie.l' are indistinct compared to those in P. radiaw which is also more prone 
to di stortion during machining. Most movement occurs at the growthring boundary 
and this is most obvious in P. ratii(/w. Harris (1981) staed that in gy mnosperms 
approx. 95<X, of the to tal vo lume of wood consists of tracheitis. 
Microscopic examination suggested that the slope of tracheid file s relative to the 
board surfa ce and coa tin g interface, cell ro'vv growth directio n , and board mounting 
cou ld be important factors inlluencing coating behaviour. Sta ti stical anal yses howev-
er, showed that although significant differences were present among taxa the correla-
tion between these variables was insignificant. Coating viscosity and coa ting con ta c t 
angle alone were no t statistically sign ificant. 
Coating behaviou r is Cl result of a complex interaction of a range of va ria bles 
(Neville 1963 : Zicherman 1972 ; U nderh:l ll g et a!. 19S3). Blaekeney (197tJ) dedllc..:d 
that the dense r the wood, the poorer the paintability and that viscosity alone did not 
contro l paintability and substrate penetration. There is diverse opinil)n whether treat-
ed timber is amenable to painting. P lackell and Blackeney (1987) found th a t horon 
sa lts do not present painting. problems and that light organic solvent preservative 
(LOSP) treated wood co uld be painted. The rate of curing may afleet coating move-
ment within cell voids soya o il is a slow dryin g oil on its own. On curing the soya 
alkyd present in th e coating undergoes a complex oxidation reaction which is catal-
izcd by the metal naphthena te driers. The percentage of ruti le TiOz was greater in the 
primer systems than in the TiOz tagged a lkyd coati ng, and baekscattered electron 
images showed that the texture of the cured p rimers were much coarser than the TiO z 
ta gged a lkyd coating. Preferentially migra tion of certain microsco pica Il y visi ble coat-
J6'! 
in); comp()nC:11S such as lhe titanium partic les to a specific part of the eoaling lilm (H' 
inl<) lhe subslrate vo ids and a long cell wall irregularities is demonstrat ed . It is not ye t 
poss ibl e to examine the paint in li4Uid rllrm directl y with the electron microscope to 
dete rmin e whether c1uSLers or pigment s seen in the cured form we re also present in the 
li4Uid rl)rm o r whether they only developed durin g drying. 
As pan ora research programme to prodllce water-borne clear coa tings for wood 
Vasishth (1983) discllVered that Cor cell wall penetration to occur it was necessa ry to 
select ~ I polymer that had a hi gh proportion or molecules with low molec ular weighl 
below 1,0()() beca use mo lec ules great er than thi s either remained on the ee lllllmen o r 
for med a lilm . Drewe (I9X6) in a s tlld y or coating beh~lviour o n Australian limbers 
ded uced thal unil'ormit y of paint composition i!:> c hanged by a filtration elTecl which 
al lholl gh min o r preve nt ed ecrtain pigments from entering the cells . 
Artilicial accelerated weathering tests dem onstrated the coa tin gs s uccess in terms 
o r :lCrformanee and durability. The two main ultra violet radiation induced lll ee ha-
ni~ns which contributed tll coating breakdown are photochemie<d degradation and 
photocata lytic dcg radation , In od modi fied alkyds the aromatic part or the ~;\kyd is 
raridl y degraded by radiation be lo w 250 nm but 111 radiation above 295 nlll then the 
aliphatie con, po nent s ~lre mOl'e s llseeptible to degradation (Blakey 1985). Thc ultravi-
o let s tabilizer incorporated into thi s '1'i01 tagged alkyd coating wa s 2.2'-dihydroxy-4-
md hox y benzo phenone . Degrada t i on res ulted in loss or gloss as the pigmen t pa rt icles 
,In! graduall y exposed atlhe surCace ofthc lilm. Subtle change, in gloss were quanti-
tatively mcasured . 
FTTR and /\TR spectroscopiL' tcchniques showcd that the cha nges detec tcd in the 
in te nsi ties or the majo r I'unctio na l groups presen t in the coa ting wer' very minor. 
cDXA techniques conllrmed these result s. 
To conclude the T i01 tagged alkyL! coatin g ex hibited exce llent penetration ab ili ty 
and performed well in the standard weat hering tes ts. but the high eosl 01' prod ucing 
thi s coating I'o r exterior use will restric t it s commercial viab ility. 
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